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Abstract 
Over the past ten years, Reverberation Chambers (RC) have emerged as a promising facility 
for the measurement of antenna characteristics for the wireless communications industry. 
The RC has begun to diverge from its initial purpose of performing Electromagnetic 
Compatibility (EMC) measurements, as conceived by H. A. Mendes back in 1968. Unlike 
the Anechoic Chamber (AC) however, the RC facility and measurement protocols are 
relatively in their infancy whose standardisation is yet to be finalised. The purpose of this 
thesis is to present a further study into reverberation chambers and their associated 
measurement procedures, aimed at smoothing the transition into a fully standardised and 
accepted facility within the measurement industry. This thesis is comprised of three main 
investigation areas. 
The first area under investigation concerns single port textile antennas designed for use in 
the on-body communications role. The purpose of this investigation is twofold: (1) to chart 
the efficiency and impedance matching performance of the antennas in both free space and 
on-body roles to completely characterise their performance, and (2) to devise and configure 
operational procedures for the measurement of antenna characteristics on human subjects 
using the RC.  
Two separate varieties of textile antenna are subject to investigation; the first consists of two 
antennas with an equally small ground plane designed for use in the Industrial Scientific and 
Medical (ISM) 2.45 GHz band. The second variety also consists of two separate antennas 
that have a larger ground plane size and are designed to offer a dual band characteristic; to 
operate at 2.45 GHz and 5.2 GHz respectively.  
The results for the smaller ground plane sized antennas show that in free space conditions, 
the textile antenna constructed from the higher conductivity textile material exhibits a greater 
level of efficiency which is expected. However, when placed on-body, the antenna with the 
lower conductivity textile material remarkably outperforms the antenna with the higher 
conductivity material which is contrary to expectations; this represents new and important 
knowledge. The results for the larger ground plane sized textile antennas conform 
completely to expectations. That is, the higher conductivity material outperformed the lower 
conductivity material in both free space and on-body roles. Comparing both cases, further 
new knowledge can be concluded in the fact that in addition to the conductivity of the textile 
material, the ground plane dimensions is also of crucial importance.  
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The second area under investigation concerns multiport (array) antennas. This area is sub-
divided into two sections to chart a distinction between multiport antennas designed for 
Multiple Input Multiple Output (MIMO) applications and more conventional array antennas 
that are not. The first section concerns the complete practical verification of two new dual 
feed Planar Inverted F Antennas (PIFAs). Results show that both antennas yield a high level 
of diversity gain and channel capacity (close to the theoretical maximums) and very low 
correlation between the two feeds despite the antennas small size. Furthermore, the antennas 
are also proved to be highly efficient at the desired frequency of operation. Comparing all 
performance results, it is possible to conclude that due to the small size and excellent 
performance of the new designs, they could be useful in more practical and commercial 
applications than larger sized elements that currently exist.    
The second section focuses upon more conventional larger sized array antennas used for 
radio astronomy applications. In this thesis, a series of power dividers is used to emulate a 
realistic „all - excited‟ scenario, but the power divider approach has a consequence in that it 
will give rise to an external power loss that is not attributed to the antenna array. A new 
equation is developed in this work that allows for the accurate efficiency determination of 
the array and the de-embedding of the power divider in one. It is shown that the new 
equation can make this whole process simpler and straightforward to accomplish whilst 
maintaining accuracy. 
The final area under investigation concerns the design of reverberation chambers. The most 
common of the mode stirring techniques used in reverberation chambers is via the rotation or 
movement of electrically large metallic paddles inside the chamber known as „Mechanical 
Stirring‟. In this thesis, a technique based upon a meanderline principle is used to cut slots 
into the mechanical stirring paddles to increase the current path length (induced when a wave 
hits the metallic surface) and thereby increase the electrical size of the paddle. New paddle 
designs for reverberation chambers are designed and verified. It is shown that the overall 
paddle dimensions do not need to be increased in size, meaning that the working volume of 
the chamber can remain as large as possible. The results show that the new designs exhibit 
enhanced performance over and above conventional paddle designs at lower modal numbers, 
meaning that any chamber will be able to better perform at frequencies where fewer modes 
exist. Results also show that at higher frequencies, the slot cuts do not adversely affect the 
chambers higher frequency performance. This work therefore has the potential to forge a 
new way of thinking when it comes to the design of mechanical stirrers in RC‟s. 
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Chapter 1: Introduction 
1.1 Background 
The concept of the Reverberation Chamber (RC) was first proposed by H. A. Mendes back 
in 1968 as a novel means for electromagnetic field strength measurements [1]. The RC can 
be characterised as an electrically large shielded metallic enclosure which is designed to 
work in an „over-mode‟ condition (i.e. many modes). Although proposed back in 1968, it 
took time for the facility to gain universal acceptance. However, by the 1980‟s and in 
particular the 1990‟s, their use for performing Electromagnetic Compatibility (EMC) and 
Electromagnetic Interference (EMI) measurements was well established [2-11]. It was in this 
role that the facility was known for a long time. 
If we fast forward to the present day, it is clear that the role and function of wireless 
technology in everyday life has reached unprecedented levels as compared to 20 - 30 years 
ago. For this to occur, it has meant that antenna designs and their application have had to 
evolve also. But how has the RC come to the fore to be proposed and used for antenna 
measurements, diverging away from its earlier intended use? To answer this question, we 
must partly examine the nature of antenna designs and their operational use. 
Traditionally, antennas have always been orientated, and their communication channels 
configured in a Line of Sight (LOS) manner. For example, we have terrestrial antennas 
mounted on roof tops, and other directive types of antenna that are employed in satellite 
communications. The characterisation of these types of antenna for use in LOS 
communications are wholly defined by use of an equivalent free space approach which is 
typified by the Anechoic Chamber (AC) [12]. In a real applicational environment, reflection, 
scattering and diffraction may still exist to a certain extent, which brings about the creation 
of additional wave paths within the communication channel. Nonetheless, the AC is still the 
preferred environment to characterise these types of antennas, as their radiation patterns (and 
other subsequent parameters of interest) are of prime importance in this LOS scenario. 
When we consider the modern mobile terminal, (i.e. the mobile phone) these do not operate 
under the premise of a LOS scenario. The antennas inside mobile phones seldom „see‟ the 
base station and are expected to work perfectly in Non Line of Sight (NLOS) environments. 
This type of environment gives rise to signals that will be readily exposed to reflections 
caused by large smooth objects, diffraction effects caused by the edges of sharp objects, and 
scattering effects caused by small or irregular objects [12]. When these effects occur, they 
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will cause the creation of additional wave paths which will eventually add at the receiving 
side. These wave contributions have independent complex amplitudes (i.e. magnitude and 
phase information), such that at recombination, they may add constructively or destructively 
or anything in between these extremes [12].  
The wave paths and their complex amplitudes are also subject to rapid changes with time, 
with the terminal moving or parts of the environment (communication channel) changing. 
This brings about variations in the signal at the receiver and is commonly referred to as 
fading [12]. The largest variations occur when there is a complete block on the LOS which is 
more accurately referred to as small scale fading, as opposed to large scale fading which is 
usually applied to variations only in the distance from the transmitter or due to part 
shadowing [12].  
As it is important to characterise any antenna in a manner befitting its operational scenario or 
intended use to accurately reflect the performance merits, another facility is thus required 
that can emulate this type of fading environment. 
When the regulations of the American Federal Communications Commission (FCC) released 
the unlicensed use of the Ultra Wide-Band (UWB) frequency band between 3.1 GHz and 
10.6 GHz in 2002 [13], a vast amount of interest and industrial/academic research followed. 
The RC offered little compunction or restriction concerning large operational frequencies 
whilst also allowing for a vast range of antenna types and sizes, something, for example, the 
Wheeler Cap procedure [14] isn‟t always suited for when measuring antenna efficiencies 
[14].  
Financial implications have also played a part in the subsequent rise to prominence of the 
RC. With the construction and operation of an AC (here we will only specifically compare 
with far field anechoic chambers), large amounts of anechoic absorber must be purchased to 
line the walls in order to suppress reflections, and this can be expensive. The RC requires no 
such absorber, leaving the walls purely metallic to encourage reflections which represents a 
cost saving. Furthermore, if one was to compare the relative size of each facility against the 
lowest frequency of operation, it is possible to conclude that the RC can be constructed 
smaller in size than its AC counterpart - again offering a potential cost saving. 
The RC is a unique, stand alone facility in the sense that it will allow a user full control over 
the time frame and uncertainty inherent in a given measurement, distinguishing itself from 
any other facility. The operational principles for the RC allows for the measurement 
resolution to be clearly defined which in turn controls the overall measurement time. 
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Mathematical procedures can be defined which link the expected uncertainty to the 
resolution and thus the time frame. Therefore, before a measurement commences all the 
parameters can be defined accordingly.  
Perhaps one of the more important factors that have lead to the RC‟s increasing popularity 
(and subsequent proposal) concerns the ease of measurement. Due to its unique operation of 
multiple reflected waves, the angle of arrival of these waves reaching any receiving antenna 
is uniformly distributed over three dimensional space [15]. What this effectively means is 
that the angle of arrival and wave polarisation is equally probable which can simplify the 
characterisation of antennas, because in such an environment, their performance is then 
insensitive to their orientation.     
 
1.2 Research Motivation 
Although much research has been performed on RC s over the past decade, the facility and 
the measurement procedures for antennas can be relatively considered to be in their infancy. 
Much published work exists from Chalmers University of Technology, the National Institute 
of Standards and Technology (NIST), the National Physics Laboratory (NPL), and many 
other groups in the U.K, France, Germany and indeed worldwide, whose work concerning 
reverberation chambers should be rightfully acknowledged. 
There is however a necessity for continued research. Notwithstanding that much work 
concerning the efficiency deduction of single port metallic antennas had been completed, the 
avenue of on-body communications coupled with the development of the textile antenna 
provided an interesting area. The characterisation of textile antenna efficiency in free space 
conditions in a RC was recently performed in [16]; however, simulated or WC methods have 
been often employed to depict the performance of such antennas in an on-body role [17, 18]. 
Measurement prediction of antenna performance in close proximity to a user is a necessary 
task to determine exactly how the antenna behaves and what power losses are liable to exist, 
but this can be a challenging issue; some researchers therefore prefer to adopt the use of 
phantoms as opposed to human test subjects [19]. The absence of knowledge concerning the 
efficiency performance of textile antennas on human subjects, coupled with the lack of 
detailed measurement procedures concerning how to measure, and the effect of measuring 
antenna quantities using human subjects in a RC [20] was an interesting proposition which 
supplied the motivation to investigate this area. 
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The characterisation of Multiple Input Multiple Output (MIMO) channels and the 
measurement of multiport antennas for MIMO applications had also begun to receive 
treatment [21-23]. However, the antennas employed were usually quite large in dimension 
[22], dipole based [24], or often configured utilising spatial diversity as their means of 
reducing mutual coupling between two or more feeds [25]. The Planar Inverted F Antenna 
(PIFA) is well known from many concurrent studies [26-29] and there exists a large demand 
to use these types of antennas for MIMO applications. This is to allow for an increase of data 
rates, and also to combat the shallow fading minima evident from multipath propagation 
environments. A new design of PIFA (the single element dual feed PIFA) was proposed at 
Liverpool in 2010, with the aim of creating a miniaturised MIMO antenna based on a PIFA 
topology that could be successfully employed in a telecommunications capacity.  
Initially however, the antennas were only characterised theoretically and numerically with 
limited experimental results; therefore the initial motivation was to fully characterise them 
practically. A secondary motivation for this work existed in the fact that these novel antennas 
employed only pattern and polarisation diversity techniques to reduce the correlation 
between two very closely spaced feeds.  Practical research was therefore necessary to 
benchmark the performance of these smaller antennas against existing larger designs in 
literature, aimed at validating the PIFA‟s potential, and also to prove that the isolation 
techniques employed were successful in eliminating any detrimental performance effects so 
they could be accepted and employed in an Industrial capacity. 
The characterisation of larger array antennas, not employed in a MIMO capacity, was an 
interesting proposition. As previously stated, it is important to characterise any antenna in a 
manner befitting their operational scenario or intended use to accurately reflect their 
performance merits; thus the characterisation of these larger arrays requires different 
measurement protocols to be developed and configured. Essentially this meant that the use of 
power dividers is required to actively excite all array elements at the same time to attempt to 
mimic their realistic mode of operation. To the best of this author‟s knowledge, only one 
example of such work exists in RC‟s; see [30]. The subtle problem of employing power 
dividers in such a capacity is that power losses exist that need to be accounted for and de-
embedded from the array to ensure accurate results. It was realised that the procedures and 
techniques in [30] could be simplified somewhat which provided the motivation to develop a 
new equation that could de-embed the losses of the power divider and calculate the 
efficiency performance of the array in one.  
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Research into the design and operation of stirring mechanisms within reverberation 
chambers has attracted a lot of interest [31-36]. Dedicated small sized chambers now exist on 
the market whose purpose is geared mainly to characterise small terminal antennas [37]. All 
reverberation chambers use mode stirring techniques; however, the smaller sized facilities 
can be found to have additional automated turntables inside (used to perform platform 
stirring), made possible because the antenna devices they are designed to measure do not 
weigh very much and are small in size. For the larger RC, they offer slightly more flexibility 
when it comes to the size of an antenna under test that can be measured; however, it is 
possible to state that perhaps more emphasis is placed on „Mechanical Stirring‟ in the larger 
chambers to stir the modes, particularly so when the antenna under test is large in size. In 
this thesis, the focus is solely placed upon larger sized reverberation chambers. 
What is clear is that whether the RC is large or small, the performance in that facility will 
decrease when the number of modes available to be excited becomes sparse. This is an 
obvious consequence of the size of the facility, but it can be argued that it is also a 
consequence on the performance of the mode stirring tools in the facility. To explain further, 
when it comes to the design of mechanical stirring paddles in the RC, they should be 
appropriately sized with respect to wavelength to ensure they can adequately interact with 
and be able to „stir‟ excited modes. However, many pertinent questions still remain regarding 
these paddles:  
1) What is the optimum design? 
2) How can their performance be improved, particularly at larger wavelengths? 
3) How best to design these paddles? 
4) How best to validate the paddle/chamber performance? 
This has provided a natural motivation to attempt to answer these questions and design better 
performing mechanical stirring paddles. The work is aimed at eventually reaching an 
optimum design of reverberation chamber which up till now has proved elusive. 
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1.3 Organisation of the Thesis 
The contents of this thesis are organised in the following manner. 
Chapter 2 is issued to review and discuss the theoretical foundations of the RC, underpinning 
its use as a facility for antenna measurements. This chapter is important as many of the 
concepts later relied upon will have their theoretical base established in this chapter. 
Chapter 3 presents the complete efficiency and impedance matching characterisation of four 
single port textile antennas for on-body communications, analysed in both free space and on-
body roles. New knowledge is obtained regarding the performance of these devices and the 
subsequent reasons for that performance are also conclusively discussed. This chapter will 
also present detailed measurement procedures of how to measure performance quantities on 
human beings using an RC, as well as thoroughly documenting the effect of using human 
beings instead of substitute phantoms to fill the gaps in knowledge as previously discussed. 
Chapter 4 concerns multiport (array) antennas. The chapter is subdivided into two parts to 
chart a distinction between multiport antennas specifically designed for MIMO applications 
and conventional array antennas, developed for use in other applications.  
The first part of this chapter deals with the full practical validation of two new single 
element dual feed PIFAs. In this, the measurement procedures are comprehensively 
discussed, after which all results pertinent to the investigation are issued. The results serve to 
examine the miniaturisation of these devices and the impact on performance; aimed to 
benchmark and prove the designs operational quality despite remaining compact in size. 
The second part of Chapter 4 concerns the efficiency characterisation of a new large sized 
array antenna for use in radio astronomy applications. Full detailed measurement procedures 
are documented concerning the array measurement, coupled with the use of power dividers. 
The loss deduction of the power dividers is depicted before the development of the new 
equation to characterise the efficiency of the entire array and de-embed the power divider 
loss is developed. It is shown that the measurement procedures are accurate, straightforward 
and the new equation is simple to employ without any drawbacks in accuracy. 
Chapter 5 analyses the design of new mechanical stirrer designs for RC‟s. A review of 
existing work is presented before the design strategy and methodology is issued. A 
numerical approach is undertaken to create the designs before being transferred into practice. 
A discussion is then presented concerning the appropriate means of validating the 
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performance of reverberation chambers, before the final results are issued proving the 
superior nature of the new designs as compared to standard designs of mechanical stirring 
paddles. It is shown that the measurement verification is more thorough and accurate than 
existing procedures, and that the strategy and the new designs have the potential to improve 
chamber performance with minimal associated costs and for no increase in the physical size.  
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Chapter 2: Reverberation Chamber Cavity Theory 
2.1 Introduction 
Grounding in the theoretical principles concerning reverberation chambers is important and 
essential for any practical undertaking to be completed accurately. The overall field of 
electromagnetics that contains the foundations of reverberation chamber cavity theory is a 
well studied and classical area, and we owe much to authors such as Harrington [1], Balanis 
[2], Jackson [3], Kraus [4] and more recently Hill [5] for their pioneering work in this area. 
We should also not forget the contribution made by James Clark Maxwell who provided the 
unified theory and equations that made work in the entire field possible, and Henrich Hertz 
who practically validated Maxwell‟s theorems by demonstrating the existence of 
electromagnetic radiation. 
The purpose of this chapter is to present a review into some of the more important theoretical 
concepts that uphold and support the RC‟s use for antenna measurements. This chapter is 
intended to underpin the concepts and techniques that will later be referred to and relied 
upon in more practically orientated chapters. The chapter is by no means exhaustive and will 
attempt to draw upon many of the accepted theoretical concepts published over the last 60 
years.  This author does not claim any credit for the accepted concepts discussed in this 
chapter; all the theoretical work is appropriately cited. This author will however discuss and 
apply the theoretical theorems specifically around the rectangular RC facility at the 
University of Liverpool, where all of the work in this thesis was completed.           
 
2.2 Cavity Modes and Electromagnetic Fields 
It is well known that a metallic rectangular empty cavity is resonant when its dimensions 
satisfy the condition [5]: 
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                                       (2.1) 
where: k = 2π/ ,   = the wavelength; m, n and p are integer numbers and a, b and d are the 
chamber dimensions. 
For convenience, (2.1) can also be expressed as (2.2). 
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It is stated that the simplest method to construct the resonant modes for a rectangular cavity 
is to derive modes that are Transverse Electric (TE) or Transverse Magnetic (TM) to one of 
the three axis [5]. The standard convention in this sense is normally chosen to be the z axis 
with respect to Fig. 2.1. 
 
 
 
 
 
 
 
 
Fig. 2.1: Rectangular cavity principle axis 
The TE modes are referred to as magnetic modes as the ZE field component is zero. 
Similarly, the TM modes are referred to as electric modes as the ZH field component is also 
zero [5]. The corresponding fields can be given as follows, beginning first with the TM 
components. 
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where: OE is an constant with units of V/m [5]. The transverse components can be issued 
now as: 
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The z component of the magnetic field is zero (owing to the definition of the TM mode), and 
the transverse components of the magnetic field can be given as [5]: 
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where:  is the permittivity of the media inside the cavity and  is the angular frequency.  
By virtue that 
TM
zmnpE be non-zero (Eq. 2.4), the allowable values of the mode coefficients are 
m = 1,2,3,…..; n = 1,2,3,……; p = 0,1,2,3,…..; 
The TE (magnetic modes) can be derived in an equivalent manner. The z component of the 
magnetic field satisfies the scalar Helmholtz equation and the boundary conditions are such 
that the following is prevalent: 
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where: OH  is a constant of units A/m. The eigenvalues and axial wave numbers are the 
same as given in Equations (2.1) to (2.3). The transverse components can now be issued as 
[5]: 
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The z component of the electric field is zero by definition of a TE mode and the transverse 
components of the electric field can be stated as [5]: 



















 z
d
p
y
b
n
x
a
m
kk
Hki
E
zmnp
OymnpTE
xmnp

sinsincos
22
              (2.12) 
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The allowable mode coefficients in this regard are m = 0,1,2,3,…..; n = 0,1,2,3,…..; and p = 
1,2,3,…; with the only exception that m = n = 0 is not allowed. 
The resonant frequencies with respect to each individual set of mode coefficients can be 
deduced by (2.14), adopting the earlier defined notation. 
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where: ,  relates to the permeability and the permittivity of the medium inside the cavity 
respectively. 
When assessing the number of modes that are present in a given cavity, three common 
methods exist. The first is based on what is termed „mode counting‟ which can be performed 
by the repeated solution of (2.1) for both TE and TM modes, giving the total number of 
modes present with eigenvalues less than or equal to k (a practical limit for the propagation 
of modes). The second method is by an approximation referred to as „Weyl‟s formula‟ [5], 
which is valid for cavities of general shape and is given in (2.15).  
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                                             (2.15) 
where: N is the number of modes, f is the frequency in Hz and c is the wave speed in the 
cavity medium (m/s).  
The third method is an extension to Weyl‟s formula specific to rectangular cavities [5] and is 
stated in (2.16). 
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                              (2.16) 
A comparison of the modal numbers present in the University of Liverpool RC (dimensions 
of a = 3.6 m, b = 4 m and d = 5.8 m) by all three methods is shown in Fig. 2.2.  
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Fig. 2.2:  Mode numbers Vs frequency for the University of Liverpool RC 
From Fig. 2.2 we see that the extra terms in (2.16) improve the agreement obtained with the 
numerical mode counting as opposed to using the original Weyl‟s formula in (2.15). For 
increasing frequency it is seen that the number of modes increases with respect to the cavity 
volume and the third power of frequency. 
The mode density is another important parameter to be able to assess. This quantity charts 
the amount of modes available in a small bandwidth about a given frequency [5]. This 
quantity can be found by differentiating (2.16) and is issued in (2.17) after consultation with 
[5]. 
 
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3
2
8)(                                    (2.17) 
A plot of the mode density per megahertz Vs frequency can be viewed in Fig. 2.3. From Fig. 
2.3 we see that the chamber has a mode density of at least one mode per megahertz from 116 
MHz upwards. A low mode density in any given chamber means that chamber would not 
have adequate performance, as the mode density is too small to obtain spatial field 
uniformity [5].      
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Fig. 2.3: Mode density / MHz Vs frequency in the University of Liverpool RC 
Knowledge of the modal condition inside any given RC is important. It can be seen from 
equations (2.4) to (2.13), that the fields inside a given cavity can be depicted in terms of 
resonant modes and their subsequent integer coefficients (m, n and p) satisfying the 
boundary conditions at the walls of the chamber. In operational practice, different modes are 
required to be excited in order to promote a sufficient change in the field distribution (to 
achieve spatial uniformity).  The first five allowable modes in the University of Liverpool 
RC can be seen in Table I. 
Table I: The first five resonant modes in University of Liverpool RC 
Distinct mode m   n   p Resonant frequency (MHz) 
1                  0    1   1 45.55 
2                  1    0   1 49.04 
3                  1    1    0 56.06 
4                  1    1    1 61.73 
5                  0    1    2  63.89 
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It is advantageous to be able to calculate and visualise the fields created inside a given 
chamber by the excitation of resonant modes. However, different from the prior field 
equations in (2.4) to (2.13), it is advantageous to visualise these fields in a „non-empty‟ 
chamber; that is, with a realistic excitation involved.  This provides confidence to be able to 
interpret the conditions inside the chamber and link them to operational conditions that are 
witnessed in practice. With respect to the modes and the subsequent fields, it is known from 
[6] that: 
a) The ElectroMagnetic (EM) fields inside a rectangular chamber outside of the source 
area are purely the superposition of all TE and TM modes generated within it. In the 
source area, an extra term needs to be added from the contribution of other hybrid 
modes. 
b) For a current with any polarisation inside the chamber, an electric field with three 
components may be generated. This essentially means that a signal transmitted by an 
antenna with one polarisation can be received by an antenna with any polarisation. 
c) Modes inside the chamber can be controlled by the choice of the polarisation and 
location of the excitation source. 
In [6], a computationally efficient series of equations based on cavity Green‟s functions was 
derived in order to study the resultant electric field inside shielded enclosures. The resulting 
electric field  E was deduced using (2.18), (2.19) and (2.20). 
  vdzyxJG
j
E
source
  ,,
1

                                         (2.18) 
where:  zyxJ  ,, = the excitation current,   is the angular frequency in radians and G = 
dyadic Green‟s function. 
    
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zyyyxy vdzyxJzGyGxG
j
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                         (2.19) 
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where: n0 =
0, n  when 2
 0, =n  when 1

222
xz kkk  ,
222
yx kkk  and 
222
zy kkk  . 
Assuming a y polarised unit current (with respect to the principle axis defined in Fig. 2.1), 
and with reference to (2.18), (2.19) and (2.20), the resultant electric field can be obtained 
using (2.21). 
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The following plots depict a series of yE field distributions on an xz plane, resulting from a 
uniform current excitation within the University of Liverpool RC. The field distributions are 
charted as a function of frequency. The observation location  y selected in all plots is equal 
to b/2; that is the mid-point in height of the chamber.  
The program code written to perform this task was developed by Y. Huang in [6] and 
disclosed to this author with permission for use in [7]. The co-ordinate locations for the 
source in all plots are x1 = 0.4 m, x2 = 0.5 m, y1 = 1.35 m, y2 = 1.4 m and z = 0.5 m, which 
situates the source towards one corner of the chamber in the principle x axis, and locates the 
source between 1.35 m and 1.4 m high from the chamber floor. These selections have been 
made because this is the typical source location chosen in the chamber during practical 
measurements, as will be seen in later chapters. 
 
Fig. 2.4: Normalised Ey Field distribution in University of Liverpool RC at 200 MHz 
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Fig. 2.5: Normalised Ey Field distribution in University of Liverpool RC at 400 MHz 
 
 
Fig. 2.6: Normalised Ey Field distribution in University of Liverpool RC at 600 MHz 
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Fig. 2.7: Normalised Ey Field distribution in University of Liverpool RC at 800 MHz 
 
Fig. 2.8: Normalised Ey Field distribution in University of Liverpool RC at 1000 MHz 
From Figs. 2.4 to 2.8 we see that the fields are formed in the screened chamber as a result of 
standing waves that have a sine and cosine dependence. As frequency increases we also see 
that the fields vary in a more complex manner. From point to point in the screened chamber 
(at all frequencies depicted here) we see the magnitude of the field has significantly different 
values.  
This is not the desired property for operation in the chamber. If an antenna was to be placed 
in such a field distribution during a given measurement, then the amount of power it would 
receive would be dependent upon the location in which that antenna was situated. Any 
results therefore would not necessarily be repeatable and/or correct. In practice, a uniform 
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field in the chamber is desired to undertake measurements such that repeatable and correct 
results could be potentially obtained. 
 
2.3 Mode Stirring Techniques 
The reverberation chamber is a unique facility as it employs „mode stirring‟ techniques to 
deal with the nature of the fields in the chamber. The purpose of these techniques is to be 
able to render the fields statistically uniform and isotropic on average; in achieving this, we 
could potentially situate a receiving antenna in the chamber in different locations and 
orientations and receive the same average power level. This would go some way to ensuring 
statistically repeatable measurements. The question now is: What are these techniques and 
how are they implemented? 
 
2.3.1    Mechanical Stirring 
This mode stirring technique is perhaps considered to be the most common technique 
employed to permute the fields inside a reverberation chamber. The action of mechanical 
stirring is performed by the rotation or movement of electrically large paddles or plates 
situated inside the chamber, whose design is usually configured to be non-symmetric and 
arbitrarily shaped. The paddles can be configured to rotate or move in a step-wise or 
continuous manner and upon each rotation or movement, the boundary conditions for the 
electromagnetic field inside the chamber are changed [8] .  
The effect of changing the boundary conditions for the field means that the „peaks‟ and 
„nulls‟ evident from the field distributions in Figs. 2.4 to 2.8 will change as a function of 
(observation) location. This means that the field distribution can be rendered statistically 
homogeneous and isotropic on average from many stirrer increments, provided that the field 
location is situated approximately  /2 (where   is the wavelength in metres) from the 
chamber boundaries (e.g. walls) [9]. The rotation or movement from the paddles also gives 
rise to a statistical environment which is advantageous for antenna measurements in the 
facility. More on the statistical aspects can be found later in this chapter. 
An example of mechanical stirrer design in the University of Liverpool RC can be viewed in 
Fig. 2.9. 
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Fig. 2.9: Example of mechanical stirrer design in University of Liverpool RC 
 
   Horizontal stirrers           Vertical stirrers  
As can be seen in Fig. 2.9, two principle sets of paddles exist; one set mounted about a 
central rotational shaft from the floor to the roof, the other mounted about a central rotational 
shaft at ceiling height from near to the front wall to the back wall. The requirement for two 
sets of paddles arises from any potential change in the polarisation of any reflected waves 
inside the chamber, regardless of source polarisation. This way, both linear polarisation 
characteristics emitting from the source should be effectively stirred; helping to ensure that 
the polarisation characteristic of a wave arriving at the receiver has, on average, a desired 
equal probability and hence can be considered un-polarised (no dominance one way or 
another). The paddles are typically sized and as such are designed to operate where they can 
be considered „electrically large‟; that is, they are at least comparable with respect to the 
wavelength of operation and the cavity can generally be considered to be over-moded. When 
this is not the case, the paddles performance in significantly changing the field distribution 
will diminish - this is a limitation of the process.    
R e v e r b e r a t i o n  C h a m b e r  C a v i t y  T h e o r y       P a g e  | 23 
 
2.3.2    Polarisation Stirring 
Despite the adoption of the two principle sets of mechanical stirring paddles and the 
theoretical validation concerning the un-polarised nature of the reverberation chamber, a bias 
can potentially exist in practice. It was reported in [10, 11] that a different amount of TE and 
TM modes could potentially be excited during measurements, which subsequently manifests 
itself as a difference in the received power with respect to different receive antenna 
polarisations inside the chamber. In [10], when discussed purely from a modal and wave 
perspective, investigations were present that cited differences of anything between 3 – 9 dB 
could be evident.  
This mode stirring technique advocates that both vertical and horizontal (assuming linear 
polarisation) transmit polarisations be measured and both measured results averaged to 
remove any effect of bias, regardless of the receive antennas polarisation. That is, it aims to 
ensure that no „polarisation imbalance‟ exists as it can represent a serious source of 
measurement uncertainty. 
In addition, a polarisation imbalance could also be prevalent as a result of different 
performances in the vertical and horizontal mechanical stirrer paddles; hence, they have a 
different efficiency in permuting the fields in the chamber (stirrer efficiency). This 
necessitates that the design of mechanical stirrer paddles be carefully and rigorously 
conducted as we will see in chapter five. 
In practice, a large number of samples are also normally required to obtain accurate average 
values. It stands to reason that the more samples one has to form an average, the more 
accurate that average value will be. Therefore, this technique is also useful in generating an 
additional number of measurement samples and should be used in conjunction with the 
mechanical stirring aspect previously defined.       
In conclusion, a systematic polarisation imbalance in practice could be caused by the 
excitation of different amounts of TE and TM modes, in addition to having mechanical 
stirrer paddles with different stirrer efficiencies. The technique of measuring two transmit 
polarisations regardless of the receive antennas orientation can remove the problem [10]. The 
technique can also be a useful method in generating an additional number of measurement 
samples, required for accuracy purposes. 
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2.3.3    Platform and Position Stirring 
Platform stirring advocates the movement of an Antenna under Test (AUT) or Device under 
Test (DUT) to various different locations in the chamber by means of a turntable, and an 
overall average is taken from measured samples at each individual location. This technique 
was devised in [12] as a means of improving accuracy in a small reverberation chamber, and 
necessitates that the movement distance to different receive locations should be no less than 
λ/2, to avoid progressive samples obtained from different locations being correlated (thus 
independent).  Position stirring is essentially the same procedure. However, this technique 
does not employ the use of a turntable; instead relying on the physical movement of an 
AUT/DUT to different test locations inside a given chamber. The advantage of these 
procedures is that it has been shown to improve accuracy in measurements by giving rise to 
an additional number of independent measurements for use in the averaging process. 
 
2.3.4    Frequency Stirring 
Frequency or electronic stirring advocates the taking of a further average from acquired 
measurements in an RC, by the use of an algorithm in the post processing stage. The 
frequency stirring application has been discussed at length (albeit for a 2D cavity) in [5] as a 
means of improving the spatial uniformity of fields and decreasing the interaction between a 
line source and the chamber walls.  
The application advocates that the smoothing bandwidth (defined as the total number of 
points in a given window from which to take a further successive average) should decrease 
for an increase in frequency (increase in modal density) in a given chamber. Hence, a higher 
level of frequency stirring is required at lower modal densities because it is more difficult to 
achieve field uniformity in a sparse modal environment for reasons previously discussed. 
A degree of care is normally required when performing frequency stirring as by taking too 
large an average (large smoothing bandwidth) can result in the loss of frequency resolution 
in any measured data. For example, when measuring the radiation efficiencies or complex 
reflection coefficients in a reverberation chamber, the amount of frequency stirring is usually 
chosen to be much less than the absolute operating bandwidths of the antenna in order to 
avoid this problem. This technique is typically always used in order to obtain smooth and 
precise results. 
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2.4 Plane Wave Angle of Arrival  
The purpose of this sub-section is to theoretically examine the Angle of Arrival (AoA) 
nature of plane waves inside the University of Liverpool RC. This section is important to be 
able to verify because if we could confirm the characteristics of the propagation scenario, it 
would go some way to demonstrating the RC‟s suitability as a multipath emulator for mobile 
communications, and also theoretically demonstrate the earlier claim (from chapter 1) that a 
multiple reflected wave environment allows for a simplification in the antennas‟ 
characterisation, as the performance is insensitive to the orientation.       
With respect to Eqns. (2.1), (2.2), (2.4) and (2.9), it  has been shown [13] that we can 
represent the sine and cosine terms as exponentials via Euler‟s relationship and express the 
product in the form of (2.22). 
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In turn, the specific forms of ZE in (2.4) and ZH in (2.9) can be represented as (2.23). 
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where: 
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The crucial terms above are the ± signs that need to be permuted in order to obtain different 
plane wave terms [13]. Each term above is thus seen to represent an individual plane wave 
propagating in the kˆ direction, meaning that (2.23) symbolises a sum of eight plane waves 
for both TE and TM modes. The only exception here is when one of the indices is zero; only 
four plane waves are then evident. Once the allowable and existing modes have been 
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calculated using (2.14) for both TE and TM modes, the corresponding angle of arrival of the 
plane waves can be calculated from (2.24). 
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Fig. 2.10 depicts a series of figures concerning the angle of arrival of plane waves in the 
University of Liverpool RC as a function of frequency. The lines displayed on each three 
dimensional traces represent the incoming arrival towards an origin (in this case a fictitious 
unit sphere), and the small patches can be thought of as parts of the associated wavefronts 
[13] - a simplification in order to visualise. 
 
               
 (a)                                                           (b)                                                                                                
 
(c) 
Fig. 2.10: Plane wave angle of arrival - (a) 200 - 225 MHz, (b) 400 - 410 MHz and (c) 900 - 905 
MHz 
 
R e v e r b e r a t i o n  C h a m b e r  C a v i t y  T h e o r y       P a g e  | 27 
 
From Fig. 2.10 it can be seen that the angle of arrival comes from every conceivable 
direction over the unit sphere. With increasing frequency it can be seen that a higher density 
of waves are apparent in a smaller band each time. The exact statistical nature of such plots 
was provided in [13], confirming a uniform distribution of angle of arrivals exists providing 
enough modes are excited (sufficiently large band). A uniform distribution of angle of 
arrivals means that a plane wave (with subsequent polarisation) will arrive from any 
direction over the unit sphere with an equal probability. This is how measurement 
procedures in the RC are simplified, as then it should not matter how a receive antenna is 
orientated and the subsequent direction of its radiation pattern.  
A table concerning the number of modes and subsequent number of plane waves in various 
sub-bands in the University of Liverpool RC is provided in Table II, and confirms that for 
increasing frequency we have an ever richer number of modes and plane waves available. 
Table II: The number of modes and plane waves in University of Liverpool RC 
Frequency sub-bands (MHz) Number of modes Number of plane waves 
200-225 87 620 
400-410 122 924 
900-910 643 4992 
1940-1950 1866 14776 
2400-2410 1930 15384 
 
Real environments it should be stressed will subtly differ from the isotropic nature of the 
RC. An antenna operating in a real environment may have a preferred orientation, and in 
outdoor environments they may have a larger probability of waves coming from close to 
horizontal [14]. Real environments are also stated to have a larger amount of vertically 
polarised waves as most base stations are vertically polarised, representing a „cross polarised 
power discrimination‟ (XPD), which can differ in different real environments [14]. For 
measurements in real environments this can be problematic, as any results obtained will then 
be a function of the environment in which they were undertaken and may not be repeatable. 
The specific advantage of the RC is that statistically repeatable results have been 
demonstrated [15], outweighing the fact that the RC isotropic environment has no true 
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counterpart in reality. However, it can be argued that if a terminal in a real environment is 
used with arbitrary orientations, then it can approach what is witnessed in the RC [14].  With 
respect to the specific modes that will be excited in the chamber and the subsequent number 
of plane waves during measurements, in practice this will depend upon the value of the 
„mode bandwidth‟. 
 
2.5 Average Mode Bandwidths 
In a RC, theoretically a mode will only be excited when a source excites the chamber at a 
frequency corresponding to the exact frequency of the resonant mode [13]. This would imply 
however that the Q (Quality) factor of the mode is infinite [13]. In reality, the mode Q factor 
is finite in value and the mode will exhibit a certain „bandwidth‟- this implies that the modes 
do not have an infinite cut-off and this gives rise to the „bandwidth‟ term.  The bandwidth 
can be defined as: „The bandwidth over which the excited power in a particular cavity mode 
with resonance frequency fO is larger than half the excited power at fO’ [11]. 
The „average mode bandwidth‟  f  is the average of the mode bandwidths of all the modes 
excited about an excitation frequency (f), meaning that at a given (f), modes may be excited 
in the range [13]: 
2/2/ fffff res                                          (2.25) 
where: Qff /  and Q = the chamber Q factor. The theory and definitions here are 
analogous to the theory and definitions that can be found in [16]. Therefore, the average 
mode bandwidth can be found from knowledge of the measured chamber Q factor or it can 
be deduced from (2.26) and (2.27) after consultation with [11]. 
net
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where: V = the inside volume of the chamber, TXRAD _  is the radiation efficiency of the 
transmitting antenna (defined as the total radiated power to net power accepted by the 
antenna) and RXRAD _  is the radiation efficiency of the receiving antenna. netG  can be found 
from (2.27). 
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where: symbolises the average of the scattering parameters, 21S is the transmission 
coefficient, and the two terms in the denominator represent the mismatch efficiencies of the 
transmitting and receiving antennas respectively.  
Fig. 2.11 depicts both the measured average mode bandwidth in an „empty‟ scenario (just 
containing transmit and receive antennas) and a „loaded‟ scenario in the University of 
Liverpool chamber (dimensions a = 3.6 m, b = 4 m and d = 5.8 m). In both scenarios the 
receiving antenna is a log periodic antenna, and the transmitting antenna is a large Vivaldi 
antenna; both with known efficiency values. In the „loaded‟ configuration, the chamber has 
been loaded with two pieces of anechoic absorber in two corners of the chamber to illustrate 
the effect this has on the average mode bandwidth. The average mode bandwidth is 
important to know because in measurement situations it governs the channel characteristics 
in the chamber. For example, it can control whether the fading channel is frequency flat or 
frequency selective. A further discussion on the channel characteristics with a view to 
measurements can be found in [17]. The average mode bandwidth and thus the channel 
characteristics can be controlled by „loading‟ the chamber as the results of Fig. 2.11 suggest.  
 
Fig. 2.11: Measured average mode bandwidths in University of Liverpool RC 
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From Fig. 2.11 it can be seen that the average mode bandwidth is slightly decreasing in size 
for increasing frequency, albeit in a relatively small scale. Fig. 2.11 would suggest that the 
window in which subsequent modes can be excited grows smaller at higher frequencies. This 
should not be too problematic however, as the small mode bandwidth will be offset by the 
high mode density that exists at higher frequencies, meaning that many modes can still be 
excited. The values of the average mode bandwidth are smaller here as compared with [18], 
which is a consequence in part of the difference between very large and small reverberation 
chambers. The curves do not appear to be entirely smooth because they have been deduced 
using measured data with a finite number of points (718 measured samples). 
Further, the decreasing trend of the plot would also suggest that the Q factor of the chamber 
would increase for increasing frequency from the relation stated under (2.25). This aspect (Q 
factor) we will move on to assess next.   
 
2.6 Chamber Quality (Q) Factor 
It is well known that the Q factor describes the rate at which a system at resonance loses 
energy due to its conversion to other forms (e.g. heat). As previously defined in section 2.5, 
when considering a single resonance, a low Q system will have a large bandwidth and will 
dissipate energy very rapidly. When we think of an RC, it is a multimode facility, but the 
concept of the Q factor is still important as it describes information as to the overall losses 
that exist within the facility for a given set up. 
The reference works on the reverberation chamber Q factor was published by Corona in 
1980 [19] and Hill in 1994 [20]. Hill picked up from Corona‟s earlier work and proceeded to 
derive in detail the multiple mechanisms that contribute to a chambers‟ total Q factor. Hill 
defined five separate loss terms to exist: 
1) Wall losses (Q1) 
2) Losses due to aperture leakage (Q2) 
3) Losses due to absorption in any loading objects in the chamber (Q3) 
4) Antenna losses (Q4) 
5) Losses due to water vapour absorption (Q5 but only at frequencies > 18 GHz).   
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In terms of the mathematics, the total Q factor (Q) and separate loss mechanisms can be 
briefly summarised as follows [20]. 
dS PUQ /                                                      (2.28) 
where: SU = steady state energy and dP  = power dissipated. 
WVU S                                                            (2.29) 
where: V = volume of the cavity and W = energy density. 
2EW O                                                          (2.30) 
where: O = permittivity of the medium in the cavity (free space) and E = RMS electric field. 
The power density  cS in the cavity can also be expressed as (2.31). 
O
c
E
S

2
                                                            (2.31) 
where: O  = intrinsic impedance of the medium in the cavity. 
The separate loss terms (Q1) to (Q4) from [20] can be stated as (2.32), (2.33), (2.34) and 
(2.35) respectively.  
 S
V
Q
r2
3
1                                                           (2.32) 
where: 
o
w
r
wwf 



  ,
1
. w and w are the permeability and conductivity of the 
wall material respectively,  is the skin depth and S is the cavity surface area. 
a
V
Q

2
2                                                          (2.33) 
where: a = averaged absorption cross section of the medium loading the chamber. For 
irregular shaped objects, this term could be complex to solve analytically. A measurement 
procedure to deduce this term can be found in [21]. 
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l
V
Q

4
3                                                        (2.34) 
where: l = average transmission cross section of any apertures. 
3
2
4
16


m
V
Q                                                     (2.35) 
where: m = the impedance mismatch factor (m = 1 for a matched load). 
In steady state conditions, the power transmitted into the chamber  tP is required to be equal 
to the power dissipated by the loss mechanisms that may exist in a given chamber 
configuration. Therefore: 
dt PP                                                          (2.36) 
By substituting (2.28), (2.29), (2.31) into (2.36), the power density in the cavity can be re-
written as (2.37). 
V
QP
S tc


2
                                                        (2.37) 
By use of an impedance matched antenna, the received power  rP is stated in [20] to be a 
product of the effective area  8/2 and the received power can be expressed as (2.38). 
tr P
V
Q
P
2
3
16

                                                      (2.38) 
Solving (2.38) in terms of Q yields the chamber Q factor in terms of the measured power 
ratio  ./ tr PP  Thus (2.39) represents a commonly used measured approach to obtain the 
chamber Q factor [20]. The equation assumes well matched and highly efficient antennas. 
t
r
P
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Q 
3
216


                                                   (2.39) 
where: 
     222211
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S
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
                                          (2.40) 
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The terms  11S and  22S represent the reflection coefficients of the transmitting and 
receiving antennas respectively. In (2.40) they are assumed to be acquired in an AC. 
Furthermore, (2.40) also assumes that any cable losses are neglectable as a result of 
calibrating the system. 
An alternative representation of the loss terms in (2.32) to (2.35), derived in terms of the 
average mode bandwidth instead of Q of the modes can be found in [22]. As stated earlier, 
this is also a representative means of establishing the Q factor of a given chamber. Fig. 2.12 
depicts the measured Q factor of the University of Liverpool RC in both unloaded and 
loaded scenarios. The results have been acquired from measured data with a finite number of 
measured samples (718); hence they are not entirely smooth.  
A result derived from the average mode bandwidth method is also supplied for comparison 
in Fig. 2.13. 
 
Fig. 2.12: Measured Q factor University of Liverpool RC from (2.39) 
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Fig. 2.13: Measured Q factor University of Liverpool RC from average mode bandwidths 
Comparing Fig. 2.12 and 2.13 we can see that both methods yield similar values for the 
chamber Q factor. Further, from this similarity, it is possible to conclude that the average 
mode bandwidth values from Fig. 2.11 would appear accurate. It is also worthy to 
acknowledge at this stage that the measured Q factor values will have some contribution 
from the antennas used in the measurement (irrespective of efficiency).  
A very recent communication in [8] discussed this point and concluded that an assessment of 
the chamber time constant to determine the chamber Q, instead of the direct frequency 
domain measurement of (2.39) could diminish the contribution of the antennas involved, 
leaving just the effect of the chamber alone. 
 
2.7 Statistical Forms 
The statistical forms of RC measured data are very important. As previously stated, in an 
operational environment, a typical mobile terminal will seldom „see‟ a base station. 
Therefore, the communication link between terminal and base station is maintained in a 
NLOS type of propagation environment most amount of the time. The NLOS propagation 
environment in mobile communications is well known to exhibit Rayleigh fading properties 
[23], and it is this that we would like to be able to replicate. The RC has been shown to 
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emulate similar statistical properties as found in the NLOS urban and indoor environment; 
this is how it is appropriate for use, and attempts to provide a realistic characterisation of 
terminals in this type of environment.  
The RC statistical forms have received much treatment over the years. Kostas and Boverie 
examined the forms back in 1991 [24], and concluded that each of the three measured 
components of the electric field (voltage) manifest themselves as being Rayleigh distributed 
(which is the same as the Chi squared distribution with six degrees of freedom). From there 
they concluded that the power density is exponentially distributed [24].  
From [14] it is further stated that as long as the LOS is absent and enough planes waves 
exist, the in-phase and quadrature components of the received complex signal are normally 
distributed (complex gaussian), and the phase is uniformly distributed over 2π. However, it 
should be noted that if any remote LOS path were to exist, then the statistical distributions, 
specifically the magnitudes, will be altered (see section 2.8). 
The purpose of this sub-section is to briefly discuss and examine the theoretical statistical 
forms in the University of Liverpool RC, to visually assess how the chamber complies with 
the ideal NLOS theoretical forms. This sub-section is further divided into six separate 
sections to discuss the method of analysis and to individually represent the magnitude, 
complex signal, power and phase information (respectively) in a NLOS scenario. Concluding 
remarks and recommendations on the method of analysis are presented in section 2.7.6. 
The statistical forms issued herewith have all been configured with a non-line of sight path 
between source and receiver, based upon practical measurements in the University of 
Liverpool RC. The measurement details for these tests are portrayed in Table III.  
 
 
 
 
 
 
 
R e v e r b e r a t i o n  C h a m b e r  C a v i t y  T h e o r y       P a g e  | 36 
 
Table III: Statistical forms measurement details 
Parameter Description 
Source antenna Vivaldi 
Receive antenna Log periodic (HL223) 
Frequencies (MHz) 100 - 1000 
Number of frequency data points 801 
Stirring sequences 1 degree mechanical stirring 
Polarisation stirring 
Vector Network Analyser (VNA) Anritsu 37369A  
Source power (dBm) -7 
Chamber loading None 
 
 
2.7.1    Statistical Methods of Analysis 
Two primary methods that can be chosen as characterisation techniques to visually represent 
the statistical forms of the measured data are the cumulative distribution function (cdf) and 
the probability density function (pdf). These two aspects can be theoretically and 
mathematically defined as follows: 
Since a probability cannot be negative, all probability density functions must be positive or 
zero [25]. 
0)( gf                                                            (2.41) 
The probability density functions are not always continuous or even finite; however, since 
the random variable g must lie between -∞ and ∞, the relationship in (2.42) must hold [25]. 



1)( dggf                                                        (2.42) 
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From the above definitions, we can assess the cumulative distribution function properties as 
the probability P that a random variable G lies between a and b as an integral over f in the 
form of (2.43). 

b
a
dggfbGaP )()(                                             (2.43) 
Thus the cumulative distribution function must exhibit the following: 
1. F(g) is a non-decreasing function of g 
2. F(-∞) = 0 
3. F(∞) = 1 
 
2.7.2    Statistical Distribution of Measured Magnitudes 
As stated previously, the ideal form of any magnitudes obtained in a NLOS scenario 
manifest themselves as being statistically Rayleigh distributed. The following plots depict 
the cdf and pdf forms of practically measured magnitudes against a theoretical Rayleigh 
form as a means of comparison. However, for brevity, only plots relating to measured data at 
600 MHz and 800 MHz are presented (chosen arbitrarily where the frequency is high enough 
for the cavity to be considered electrically large). The theoretical Rayleigh distributions have 
been defined in (2.44) and (2.45) according to [26]. 
For the cdf: 
   ,0),1()( )2/(
22
xexF x                                          (2.44) 
and for the pdf: 
0,)(
22 2/
2
  xe
x
xf x 

                                              (2.45) 
where σ = distribution shape parameter. 
 All plots issued herewith are presented as a visual means only; no significance of 
the quality of the statistical fit is implied with the depiction of any plots.  
Figs. 2.14 and 2.15 portray the cdfs of the measured magnitudes against a theoretical 
Rayleigh distribution at 600 MHz and 800 MHz respectively. 
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Fig. 2.14: Cdf of measured magnitudes Vs theoretical Rayleigh distribution at 600 MHz  
 
Fig. 2.15: Cdf of measured magnitudes Vs theoretical Rayleigh distribution at 800 MHz  
 
The pdfs can be viewed in Figs. 2.16 and 2.17 at 600 MHz and 800 MHz respectively. 
R e v e r b e r a t i o n  C h a m b e r  C a v i t y  T h e o r y       P a g e  | 39 
 
 
Fig. 2.16: Pdf of measured magnitudes Vs theoretical Rayleigh distribution at 600 MHz  
 
 
Fig. 2.17: Pdf of measured magnitudes Vs theoretical Rayleigh distribution at 800 MHz  
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2.7.3    Statistical Distribution of Complex Samples 
As stated previously, the complex forms of any measured data (assuming NLOS), should 
manifest themselves as being normally distributed (complex gaussian). The following plots 
depict the cdf and pdf forms against their ideal forms as a means of visualisation; again, no 
significance of the quality of the statistical fit is to be implied. The theoretical normal 
distributions have been defined in (2.46) and (2.47) according to [26]. 
For the cdf: 
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where: dtexerf
x
t


0
22
)(

 and is defined as the error function, μ = mean and 2 in this 
(normal) distribution will represent the variance. 
For the pdf: 
    xexf x ,
2
1
)(
22 2/ 

                               (2.47) 
where: μ = mean and 2 in this (normal) distribution will represent the variance. 
Figs. 2.18 and 2.19 depict the cdfs of the measured complex data at 600 MHz and 800 MHz 
respectively against their theoretical forms. 
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Fig. 2.18: Cdf of measured complex samples Vs theoretical Normal distribution at 600 MHz  
 
Fig. 2.19: Cdf of measured complex samples Vs theoretical Normal distribution at 800 MHz  
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The pdf forms of the measured complex samples at 600 MHz and 800 MHz can be viewed in 
Figs. 2.20 and 2.21 respectively. 
 
Fig. 2.20: Pdf of measured complex samples Vs theoretical Normal distribution at 600 MHz  
 
Fig. 2.21: Pdf of measured complex samples Vs theoretical Normal distribution at 800 MHz  
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2.7.4    Statistical Distribution of Measured Power 
Again, as stated previously, the ideal statistical form of any power samples obtained in a 
NLOS scenario should ideally be exponentially distributed. This sub-section discloses the 
measured obtained power samples against the ideal theoretical cdf and pdf forms. These 
ideal forms have been defined according to [26]: 
For the cdf: 
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where:   = distribution rate parameter. 
For the pdf: 
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Figs. 2.22 and 2.23 depict the cdfs of the measured power at 600 MHz and 800 MHz 
respectively against their theoretical forms. 
 
Fig. 2.22: Cdf of measured power Vs theoretical Exponential at 600 MHz  
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Fig. 2.23: Cdf of measured power Vs theoretical Exponential at 800 MHz  
The pdf forms of the measured power at 600 MHz and 800 MHz can be viewed in Figs. 2.24 
and 2.25 respectively. 
 
Fig. 2.24: Pdf of measured power Vs theoretical Exponential at 600 MHz  
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Fig. 2.25: Pdf of measured power Vs theoretical Exponential at 800 MHz  
 
2.7.5    Statistical Distribution of Measured Phase 
The phase information obtained from a NLOS scenario should be uniformly distributed. This 
section tests the uniformity of the measured phase information against their ideal theoretical 
forms. The theoretical cdf and pdf have been defined as follows [26]: 
For the cdf: 
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For the pdf: 
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The cdfs for the measured phase at 600 MHz and 800 MHz can be viewed in Figs. 2.26 and 
2.27 respectively. 
 
Fig. 2.26: Cdf of measured phase Vs theoretical Uniform at 600 MHz  
 
Fig. 2.27: Cdf of measured phase Vs theoretical Uniform at 800 MHz  
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The pdf forms of the measured phase at 600 MHz and 800 MHz can be viewed in Figs. 2.28 
and 2.29 respectively. In each of the two plots the measured pdf has been offset slightly so 
its form can be clearly seen in comparison to the theoretical distribution. 
 
Fig. 2.28: Pdf of measured phase Vs theoretical Uniform at 600 MHz  
 
Fig. 2.29: Pdf of measured phase Vs theoretical Uniform at 800 MHz  
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2.7.6    Concluding Remarks and Recommendations 
Assessing the measured and theoretical forms depicted in Figs. 2.14 to 2.29, one could be 
tempted to conclude that the trends between the measured and theoretical trends are very 
close, and be thus convinced that the measured data does correspond to the idealised forms. 
However, on the use of such graphical evidence alone, one must attach little weight to that 
evidence. Placing sole reliance on coefficient of determination analysis through curve fitting 
alone in determining statistical significance could be considered questionable as inferred on 
page 37. 
The reason why such evidence could be considered questionable is because it fails to take 
into account the following recommended points: 
1) The definition and testing of a null hypothesis 
2) The assignment of a confidence interval in testing the null hypothesis 
3) The acceptance and rejection of the null hypothesis based on (1) and (2) 
4) The probability of a given result upon accepting or rejecting the null hypothesis  
5) A comparison to other methods / results  
In our case, points (1) to (5) must also be performed as a function of frequency, which as a 
consequence, does render the graphical techniques extremely time consuming. Statistical 
methods do exist however that attempt to satisfy the constraints highlighted above, and are 
aimed at deriving more confident outcomes.  
One such technique is the „Kolmogorov Smirnov‟ (KS) test [27]. This test, in a one sample 
format, is only valid for continuous cdfs and seeks to test the distribution of unknown 
samples against a hypothesised continuous distribution. When performed with tools such as 
Matlab, it will allow for the specification of a null hypothesis and the assignment of 
confidence intervals, it will also provide results concerning the acceptance or rejection of a 
null hypothesis and the probability in accepting or rejecting that null hypothesis. The 
downside to the method is that the hypothesised distribution must be fully specified, which is 
not always convenient to do given that any standard deviations, mean values and any other 
associated parameter concerned with the distribution are liable to change with changing 
frequency. 
One technique that seeks to relax the requirements of the Kolmogorov-Smirnov test was 
developed by Lilliefors in 1967 and 1969 [28, 29]. The Lilliefors test compares the same test 
statistic as the Kolmogorov-Smirnov test, but relaxes the constraints on completely 
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specifying the hypothesised continuous distribution. When employed with Matlab, this 
statistical test allows for the testing of both normal and exponential distributions and could 
provide more of a reliable benchmark of statistical significance than the one sample KS test 
and curve fitting methods alone; such a test and methodology is therefore recommended. 
When it comes to the measured magnitudes in an RC, such a statistical test is not necessarily 
needed; there is a simpler and more straightforward procedure that can be applied: The 
Rician K factor.   
      
2.8 Line of Sight (LOS) Elements 
Statistically, if any line of sight path exists in a reverberation chamber, the Rayleigh 
distribution will be altered. The elements of multipath (stirred power) and any line of sight 
path (unstirred power) together will manifest itself as being Rician distributed if the unstirred 
power becomes dominant. 
A definition of unstirred and stirred power can be stated as [30]: 
“Unstirred power is the power that is coupled directly from a transmitting antenna to an 
antenna under test that undergoes minimal reflection or interaction with any mode stirrer”. 
“Stirred power results from power radiating from a transmitting antenna that fully interacts 
with a mode stirrer. This also includes significant reflections from the chamber walls that 
interact with the paddle”.  
A thorough discussion was presented in [30] which showed how the RC could be used to 
emulate a Rician environment if desired - this could prove advantageous where 
measurements in different statistical environments are concerned (for example, mobile phone 
antennas near to a base station).  
However, for the majority of antenna terminal measurements in a reverberation chamber, the 
minimisation of any unstirred power and the promotion of a Rayleigh environment is of 
crucial importance for reasons previously discussed. Further, for measured quantities such as 
radiation and total efficiency, it has been shown that any unstirred power can represent a 
serious source of measurement uncertainty [31]. For these types of measurements therefore, 
unstirred elements must be crucially minimised. 
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The format of any unstirred multipath propagation in the RC has become better known as a 
Rician K factor. A full proof relating to the derivation of this quantity can be found in [30]; 
however, it will be briefly summarised as follows. 
Any transmission measurement in a reverberation chamber essentially initiates a measured 
transfer function in the chamber, comprising of the chamber‟s physical and statistical 
properties. This measured transfer function  21S or  12S , assuming the use of                   
S - Parameters and depending on the measurement set up, can be stated to represent the sum 
of two components [30]: a direct component (d) and a component which constitutes the 
stirred energy in a chamber (s). 
 sd SSS 212121                                                 (2.52) 
where: dS21  = the direct component and sS21 = the stirred component. If no stirred 
component exists (i.e. pure line of sight environment) then only a direct component will 
exist, such as what is present in an anechoic environment. 
As the statistical investigation on the complex data yielded; under ideal reverberation 
chamber conditions (pure NLOS scenario), the complex transmission measured data should 
be normally distributed with a zero mean and identical variance. 
021 sS                                                        (2.53) 
where: signify the average of the said scattering parameters, and: 
            2221
2
212121 ImReImvarRevar Rssss SSSS              (2.54) 
where: R  is essentially the standard deviation. The direct component  dS21 on the other 
hand has a zero variance and a non-zero mean: 
            0ImReImvarRevar 221
2
212121  dddd SSSS              (2.55) 
From (2.54) and (2.55), the variance of the real and imaginary components of 21S  can be 
given as [30]: 
            2221
2
212121 ImReImvarRevar RSSSS                (2.56) 
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Alternatively: 
2
2121
22 SSR                                                (2.57) 
The mean value of 21S is related to the direct component as: 
21SdR                                                         (2.58) 
Thus the Rician K factor (ratio of unstirred to stirred power) can be expressed fully as [30]: 
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The following figures depict results for the Rician K factor as a function of frequency in the 
University of Liverpool RC, calculated from (2.59). For frequencies up to and including 
1000 MHz, Table III again details the measurement parameters used in the investigation, 
with the measurement set-up being shown in Fig. 2.30. The results presented in this sub-
section are representative of what can be termed the „average Rican K factor‟, which is an 
average of the K factor in (2.59), measured for two transmit polarisations (used in 
polarisation stirring). The results presented have also been frequency stirred by 25 MHz to 
improve the readability. 
 
Fig. 2.30: Rician K Factor measurement set-up                            
(100 MHz - 1000 MHz) 
Transmitting   
antenna 
Initial wave 
propagation 
direction 
Receiving   
antenna 
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Fig. 2.31: Rician K Factor from 100 MHz to 1000 MHz                             
From Fig. 2.31 it can be seen that the stirred power in the chamber is dominant as the 
measured K factor value is much less than 1. Fig. 2.31 proves that any LOS path is very 
small and as a result it can be confirmed that the statistical form of the magnitudes will tend 
towards a Rayleigh distribution as opposed to a Rician distribution (ideal Rayleigh 
distribution: K → 0).  Furthermore, the scattered nature of the power will help to yield the 
ideal forms of angle of arrival as discussed in section 2.4. The result also confirms that the 
placement of the transmitting and receiving antenna in Fig. 2.30 does not give rise to any 
significant proportion of direct power being received. Nevertheless, a different placement of 
transmitting antenna should be tested to see if the K factor is affected. Furthermore, an omni-
directional antenna should also be tested on the receiving side in addition to the directional 
antenna type in Fig. 2.30 to see the overall effect on the K factor.  
Table IV details the measurement parameters for this parallel investigation. 
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Table IV: Measurement parameters for K factor parallel investigation 
Parameter Description 
Frequencies (MHz) 1000 - 6000 
Frequency data points 1601 
Transmitting antenna Small (homemade) Vivaldi 
Receiving antenna (directional) Rohde & Schwarz dual ridge horn (HF 906) 
Receiving antenna (omni-directional) Small (homemade) Monopole 
Chamber loading None 
Source power (dBm) -7 
Stirring sequences 1 degree mechanical stirring 
Polarisation stirring 
25 MHz frequency stirring 
 
Fig. 2.32 illustrates the different placement of the transmitting antenna and Fig. 2.33 depicts 
the typical measurement set-up. 
 
Fig. 2.32: Rician K Factor measurement set-up                                      
(1000 MHz - 6000 MHz) 
Transmitting 
antenna 
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Fig. 2.33: Rician K Factor measurement set-up                                      
(1000 MHz - 6000 MHz) 
The small Vivaldi (transmitting) antenna is seen in Fig. 2.32 to be located on a fixed rigid 
cable right behind the mechanical stirring paddles. The question now is: Will this result in a 
significantly different K factor?    
The K factor results for the directive receiver (pictured in Fig. 2.33) and the omni-directional 
receiver are presented together in Fig. 2.34. 
 
Fig. 2.34: Rician K Factor from 1000 MHz to 6000 MHz                             
Transmitting 
antenna 
Directional 
receiving 
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From Fig. 2.34 it can be seen that the different placement of antenna has no significant effect 
on the proportion of unstirred power; the chamber performs equally well. Further, it can also 
been seen that irrespective of the receiver type (directional or omni-directional), the chamber 
also performs consistently well - no significant proportion of direct power is evident. Figs. 
2.31 and 2.34 therefore prove that a rich isotropic Rayleigh scattering environment exists in 
the chamber across a wide frequency range.  
We can further test this point with the issue of scatter plots in Figs. 2.35 and 2.36, where it 
can be seen that the scatter plots are consistent with the K factor results of Fig. 2.34.  
At this stage it should be noted that antennas in the chamber can be pointed towards each 
other if a Rician statistical environment is desired. In this situation, the K factor becomes 
proportional to the polarisation and directivities of the antennas involved and also the 
separation distance between them [30]. K factors of 10 and greater have been experimentally 
confirmed in [30].  
 
Fig. 2.35: Scatter plot from directional receiver 1000 MHz to 6000 MHz                             
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Fig. 2.36: Scatter plot from omni-directional receiver 1000 MHz to 6000 MHz                             
Figs. 2.31, 2.34, 2.35 and 2.36 further validate that the chamber would appear more than 
suitable for performing antenna measurements; a subject that forms the focus of the next 
chapter.  
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Chapter 3: Textile Antenna Efficiency Performance 
3.1 Introduction 
A growing interest is evident concerning body centric wireless communication technology, 
aimed at providing solutions for a wide range of applications from the medical / healthcare 
industries, the consumer electronic industries, wearable technology for the fashion industry 
and the military sector to name but a few. A crucial component in the body centric wireless 
communication „chain‟ concerns the antenna device itself; the antenna should be 
ergonomically suitable for integration onto a human body. Furthermore, the antenna should 
not be obtrusive, it should be able to maintain flexibility, exhibit minimal degradation in 
terms of bandwidth, reflection coefficient and efficiency performance, and be manufactured 
in a low cost manner. To satisfy this broad criterion, the textile antenna has been developed 
and continues to receive ever growing attention [1-9]. 
When communicating wirelessly in the proximity of a human body, the propagation channel 
is dependent upon the body condition, the human activity being performed, the antenna 
position, the immediate surrounding environment and any interaction between the human 
body and the antenna [10-12]. Therefore, the radio propagation channel in this (on-body) 
scenario directly includes the body effect and is not usually stationary. In this thesis, the 
main parameter of interest concerns the radiation and total radiation efficiency performance 
of some newly designed textile antennas. This work results from a collaboration between 
two parties; the textile antennas have been developed by P. J. Soh and G. A. E. Vandenbosch 
[3, 4], while the contribution from this author concerns all the practical measurements for the 
antennas validation and any supporting evidence. 
The RC measurement facility was chosen for this investigation partly because of the 
statistically emulated environment it can offer, but also it was felt that it can offer a more 
robust / less uncertain measurement solution to the problem of measuring textile antenna 
efficiencies when acquired in conjunction with a human being. To explain further, it is 
inevitable that some human movements will be present during any measurement procedures 
due to breathing etc. This could prove problematic in other facilities, but in the RC 
environment they could be tolerated as any movements would add to the randomness of the 
field inside the chamber which can be viewed positively. A further benefit exists with the RC 
in the fact that it is potentially relatively quicker and easier to start the measurement process.   
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To the best of this author‟s knowledge, only one experiment concerning antenna radiation 
efficiency analysis measured on live human beings in an RC exists; see [13]. The 
conclusions drawn from this piece of work indicated that RC results obtained with human 
test subjects was sufficiently representative of results acquired in anechoic chambers and 
also measured against tissue phantoms - this potentially validates the live human approach 
against phantoms often used in the field, and benchmarks the RC facility against alternative 
measurement facilities. 
The antennas used in the study from [13] consisted of four low profile microstrip patch 
antennas constructed on dielectric substrates and a quarter wavelength monopole antenna, 
with the results indicating that the type of antenna plays a more dependent role in 
determining the overall efficiency performance, as opposed to the characteristics of different 
human subjects. Further study is required from [13] however; there is a lack of information 
specifically concerning the performance of antennas specifically designed for on-body 
communications (i.e. the textile antenna), particularly so in the on-body role. An assessment 
of movement related bending effects on antenna performance should also be provided as 
well as the effect of different body locations and proximity distances from the human on the 
antennas performance. 
There are few more deficiencies in knowledge that also require rectifying. No detailed 
measurement procedures in the RC exist, no information concerning the statistical effects of 
different human subjects on RC measurements exists and very limited information 
concerning the repeatability of such measurements exists. Furthermore, definite uncertainty 
deductions are also required so that absolute confidence can be placed in antenna 
performance results when acquired on human beings. All these former points constitute new 
knowledge within this subject area. 
The organisation of this chapter is as follows.  The chapter will be sub-divided into two 
separate entities to assess the performance of two distinct types of textile antenna; one 
operational in the Industrial Scientific and Medical (ISM) 2.45 GHz band, the second 
designed to offer a dual band characteristic at 2.45 GHz and 5.2 GHz. Each entity will firstly 
define all measurement procedures before assessing the antenna performance in free space 
conditions and on-body. The purpose of the free space investigation is to establish a 
performance benchmark such that the expected degradation in performance can be charted 
accurately. In addition, the frequency de-tuning performance of all antennas will be 
presented for completeness. 
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Where appropriate, theoretical and simulated evidence are provided to establish increased 
confidence in any derived results. A concise repeatability investigation and a comprehensive 
uncertainty assessment are also provided at the end of this chapter to benchmark the 
accuracy of all results presented. 
 
3.2 Definitions: Antenna Efficiency 
For the quantity of antenna radiation efficiency, the IEEE standard definition is referred to 
[14]:  
“Ratio of total radiated power to net power accepted by the antenna at its terminals”. 
Mathematically, when acquired using an RC, Eq. (3.1) applies [15].  
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where: = average of the scattering parameters,  = absolute value, 21S = transmission 
coefficient, 22S = reflection coefficient,   AUT = antenna under test, REF = reference antenna 
and REF  = known reference efficiency. In this thesis the reflection coefficient quantities are 
not signified as being an ensemble average, this is because it was chosen to acquire these 
parameters in an anechoic chamber. This selection was made with respect to the following 
points: 
1) The reflection coefficient parameters could be obtained in a faster time frame as the 
automated software for the RC only allows for one parameter at a time. 
2) Since the equation for the efficiency calculation requires a free space equivalent 
reflection coefficient - it is not incorrect by any means to establish this in an 
anechoic chamber.  
It should be noted that the reflection coefficient quantity can be measured using an RC [16], 
and as such the reflection coefficient terms in (Eq. 3.1) should be indicated being from an 
ensemble average.   
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For the quantity of total radiation efficiency, the IEEE standard definition of terms is again 
referred to: 
“The ratio of total radiated power to the power incident on the antenna port”. 
Mathematically, this is a product of the radiation efficiency and mismatch efficiency of an 
antenna as depicted in Eq. (3.2). 
  2221 AUTRADTOTAL S                                       (3.2) 
Again, assuming that the reflection coefficient terms are acquired in an anechoic chamber. 
 
3.3 Definitions: Single Band Textile Antennas 
As stated previously, this author‟s contribution to the work centres solely on the validation 
on the antennas performance; it is therefore beyond the scope of this thesis to present any 
detailed optimisation and design analysis for the textile antennas. Hence, in this section the 
antennas will only be introduced and briefly described. For further information please see 
[4]. 
The single band textile antennas in this study are based on a Planar Inverted F Antenna 
(PIFA) topology. They are constructed using a 6 mm thick felt fabric with (respective) 
relative permittivity and loss tangent parameters of  025.0tan,43.1   r at 2.45 GHz 
[4]. The felt fabric substrate is sandwiched between a slotted radiator at the top and a small 
ground plane underneath, with two different conductive textile materials being subject to 
investigation [17, 18]. 
1) Copper textile (plain woven and coated, 0.08 mm thick, 
6105.2  S/m at 2.45 
GHz). 
2) ShieldIt™ conductive fabric (0.17 mm thick, 
51018.1  S/m at 2.45 GHz). 
The profile and dimensions of each respective antenna can be viewed in Figs. 3.1 and 3.2. 
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Fig. 3.1: Single band textile antenna radiating elements, ShieldIt radiating element (left) and 
Copper radiating element (right)                             
 
Fig. 3.2: Single band textile antenna ground planes, ShieldIt ground plane (left) and Copper 
ground plane (right)                             
 
3.4 Measurement Procedures 
The measurement investigation was carried out using the RC at the University of Liverpool. 
As stated previously, the chamber has dimensions of width = 3.6 m, height = 4 m and length 
= 5.8 m. For the efficiency deduction, the chamber required an initial reference measurement 
for calibration purposes. This calibration was performed using a dual ridge horn antenna 
(Satimo Model: SH2000), the antenna being selected as its unidirectional pattern 
characteristics was similar to that of the AUT. In this investigation a frequency range of 
2000 MHz - 3500 MHz was selected using 801 frequency data points. The number of data 
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points was selected to ensure that an adequate number of modes would be excited in the 
chamber throughout the measurement range.  
In the free space efficiency measurement, the calibration needed to be performed with just 
the AUT‟s located inside the chamber. The requirement for having all antennas inside the 
chamber at all times is that the chamber Q factor (and thus the subsequent chamber losses) 
has to be constant from the reference to the AUT measurement to ensure accuracy. If the 
chamber Q factor was allowed to vary from the reference to AUT measurement, this would 
have a consequence of varying the level of received power in (Eq. 3.1) and as such would 
represent a serious form of measurement uncertainty. 
For the on-body efficiency measurement, the human „loading‟ had to be present in the 
chamber throughout the calibration phase. This requirement is for the same reason as 
explained above, but also because the human body was expected to significantly „load‟ the 
chamber, and was thus surmised to be the dominant contributor to any loss mechanisms that 
exist inside the chamber (more so than for example, wall losses, losses from aperture leakage 
and losses in any antenna). The stirring sequences used for both the free space and on-body 
measurements, encompassing the reference and AUT measurements in both scenarios, 
comprised the following parameters as detailed in Table V. 
 Table V: Measurement parameters for textile antenna efficiency investigation 
Parameter Description 
Stirring sequences 5 degree mechanical stirring 
Polarisation stirring 
5 x Position stirring 
20 MHz frequency stirring 
Total number of measured samples per 
frequency point 
710 
Frequencies (MHz) 2000 - 3500 
Number of frequency data points 801 
Source power (dBm) + 13 
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From Table V, the stirring sequences were selected for four primary reasons: 
1) A large amount of samples (with a given percentage being sufficiently uncorrelated) 
are required in order to resolve the efficiency quantity accurately. 
2) When it came to the measurements on the human subject, it meant that the human 
did not have to spend prolonged amounts of time in the chamber to complete each 
measured sequence. Hence, the subject could take regular breaks if need be. 
3) The exact same number and the manner of the stirring techniques for both free space 
and on-body measurements meant that an accurate comparison could be formed to 
benchmark performance. 
4) The 20 MHz frequency stirring value (averaged over 11 frequency points) was 
selected such that it was far less than the bandwidth of the antennas to minimise the 
reduction in frequency resolution (configured to be 4% of the absolute bandwidths of 
the antennas). 
During any measurements it is always desired practice to terminate any antennas not 
undergoing measurement with impedance matched loads - this ensures that all antennas 
inside the chamber are in a balanced condition. For the free space measurements, the AUT 
was mounted using a dummy cable on a separate platform and terminated in an impedance 
matched load. This is subsequently transferred for the reference antenna when the AUT is 
measured.  
For the on-body reference measurements, the AUT was fixed to the human subjects‟ chest 
via the same dummy cable and terminated in the same impedance matched condition. For the 
on-body AUT measurements, the reference antenna remained on a separate platform in a 
matched terminated condition. Throughout the on-body measurements, the contents of the 
human subjects‟ pockets was always emptied (no coins, mobile phone etc) such that the 
loading to the chamber would be as constant and consistent as possible. In this, any varying 
factor that could potentially introduce a source of uncertainty, and that could be removed, 
was removed to attempt to yield the most consistent and accurate results possible. 
The measurement set-up for the on-body reference measurements can be viewed in Fig. 3.3. 
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                                                                          Fig. 3.3: On-body reference measurement set-up 
The distance between the consecutive position locations marked out in Fig. 3.3 was 
configured such that each location was larger than the correlation distance (about ½ 
wavelength) to create independent samples - in this, the distances selected were 0.8 m apart. 
Furthermore, a prescribed distance was placed between the human subject and the reference 
antenna at all times to avoid coupling between the two, as shown in Fig. 3.3. 
 
3.5 Measurement Investigation 
In this sub-section, a separate discussion will be presented concerning different on-body 
locations and proximity distances in turn, and the results for both antennas will be presented 
side by side for ease of comparison. Where appropriate, the measurement results will be 
issued alongside simulated evidence obtained from CST Microwave Studio (based on the 
finite integration technique) to depict the accuracy of the measured trends. The simulation 
efficiency results have been obtained by the gain/directivity method.  
The layout is configured to be able to compare the radiation and total radiation efficiency 
values of each AUT on different body locations with each other and also with respect to their 
free space efficiency values. By this, the assessment of which antenna yields the highest 
efficiency on body and in what location is sought, but also the difference in the overall 
efficiency is charted to assess what degradation occurs when the textile antennas are located 
on-body in specific locations and proximity distances. 
This sub-section begins with the establishment of the free space performance of the textile 
antennas.   
AUT attached to 
human being on 
dummy cable 
Transmitting 
antenna 
Reference 
antenna 
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3.5.1    Free Space Performance 
With respect to the measurement procedures in section 3.4 and the measurement parameters 
in Table V, Figs. 3.4, 3.5 and 3.6 depict the free space performance of the copper based 
textile and Figs. 3.7, 3.8 and 3.9 depict the shieldIt based textile.  
Before the results are issued, from herewith the antennas will be referred to by their 
manufactured names: FLSL 0510 = copper based textile, SHSL 0510 = shieldIt based 
textile. 
 
Fig. 3.4: FLSL 0510 free space measured and simulated radiation efficiency (%) 
From Fig. 3.4 we see that a very good agreement is obtained from both measurement and 
simulation. In free space, the copper based textile antenna is seen to be highly efficient.  
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Fig. 3.5: FLSL 0510 free space measured and simulated total radiation efficiency (%) 
From Fig. 3.5 we see a good agreement at the start and end of the frequency range but less so 
in the mid-range. The discrepancy between the measured and simulated cases can be 
attributed to differences between the measured and simulated reflection coefficients as 
shown in Fig. 3.6, and not the efficiency measurement.  
The discrepancy in the reflection coefficients has resulted from slight differences in the 
fabricated dimensions between the simulated model and physical design, and also the 
presence of the SMA connector in the physical design.    
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Fig. 3.6: FLSL 0510 free space measured and simulated reflection coefficients (dB) 
Irrespective of the discrepancy between measured and simulated reflection coefficients, the 
practical antenna is seen to be sufficiently impedance matched at its desired 2450 MHz 
centre frequency. Moving on, we can assess the free space radiation efficiency performance 
of the ShieldIt based material in Fig. 3.7. 
 
Fig. 3.7: SHSL 0510 free space measured and simulated radiation efficiency (%) 
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From Fig. 3.7 we see relatively high levels of radiation efficiency are evident for the ShieldIt 
based textile material, but comparing with Fig. 3.4 (copper based textile) they are 8% - 10% 
lower, particularly over the first 500 MHz. These results conform completely to 
expectations, since the higher conductivity material is expected to yield higher levels of 
radiation efficiency.  
Moving on, the total radiation efficiency performance of the ShieldIt based textile can be 
viewed in Fig. 3.8. 
 
Fig. 3.8: SHSL 0510 free space measured and simulated total radiation efficiency (%) 
From Fig. 3.8 we again see a good agreement between measurement and simulation at the 
beginning and end of the frequency band, but a discrepancy is also present in the mid-
frequency range. This can be explained again by differences between the measured and 
simulated reflection coefficients, as Fig. 3.9 proves. 
Nevertheless, from Fig. 3.9 we see that the ShieldIt based textile antenna is sufficiently well 
impedance matched over the desired band. 
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Fig. 3.9: SHSL 0510 free space measured and simulated reflection coefficients (dB) 
In conclusion we find that both antennas are highly efficient and sufficiently impedance 
matched over the frequency band of interest. In free space we can conclude that the copper 
based textile antenna with the higher conductivity exhibits a higher radiation and total 
radiation efficiency as compared to the lower conductivity ShieldIt material. 
 
3.5.2    On-Body Chest (0 mm) Performance 
As previously stated, for the on-body efficiency assessment, different on-body locations will 
be investigated but also different proximity distances from the human subject. It is important 
at this stage to justify prior to the investigation why the proximity distances have been 
selected. Two distinct proximity distances have been selected throughout this investigation; 
at 0 mm (touching) from the human subject, and at 20 mm from the human subject. The 
purpose of these selections is to depict a kind of „envelope‟ that will show the magnitude of 
the on-body efficiency from strong (expected) body coupling to reduced body coupling to 
chart the performance. 
It should be acknowledged that when antennas are worn on clothing, movements in the body 
will cause the differences between the human subject and the antenna to vary, such that a 
definite separation will not always be evident (i.e. at 5 mm, 10 mm etc). The distances 
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presented in this case have also been chosen to determine the efficiency at two extreme 
distances applicable across distinct domains (consumer and emergency services/military 
applications in this case).   
Fig. 3.10 portrays the measurement set-up used in this investigation. 
 
Fig. 3.10: Chest (0 mm) measurement set-up 
In this investigation the antenna was located on the centre of the human subjects‟ chest,   
1.38 m from the floor. The 0 mm dimension in this case does not mean that the antenna was 
physically touching the human subjects‟ skin; rather, the human subject was wearing a 
woollen jumper 1.5 mm thick (constant throughout all experiments) and it was this which the 
antenna was placed against.  The antenna element was not physically strapped to the human 
by any means - standard Velcro straps were used to fix the attached cable to the human being 
which was sufficient to hold the antenna to the chest of the subject. Throughout the 
measurement sequences this aspect was rigorously checked and at no time did the antenna 
shift location. 
In Fig. 3.10, the human subject faces the back wall with the antenna on his chest. The simple 
aim here is not to face the transmitting antenna which is located behind the human subject 
(off shot). The antenna orientation in Fig. 3.10 (normal to the chest) was chosen because of 
the location of the SMA connector in the physical design, meaning that it was easier to 
secure the antenna in position at the 0 mm proximity distance in the manner shown. The 
radiation efficiency results for FLSL 0510 (copper based textile antenna) are disclosed in 
Fig. 3.11. Three separate and independent measurements have been completed for this 
antenna in this scenario to provide an indication as to the measurement repeatability on-
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body. A comparison with the free space measured radiation efficiency is also presented so 
that the degradation in radiation efficiency can be easily assessed.  
 
Fig. 3.11: FLSL 0510 free space and on-body chest (0 mm) radiation efficiency (%) 
From Fig. 3.11 it can be seen that the effect of the body at the 0 mm placement distance is 
severe, and the levels of radiation efficiency are degraded considerably. At the start of the 
measured band (2000 MHz) this is as much as 78.15%. The levels of on-body radiation 
efficiency are also seen to rise, particularly over the first 600 MHz measured band; this is 
believed attributed to reductions in coupling between the human body and the antenna 
element (remembering the antenna is not physically touching the human skin). Thus, as 
frequency begins to rise, the inter element (human body and antenna) spacing is also 
increasing.  
The repeatability in the on-body efficiency measurements using the aforementioned 
procedures is also seen to be excellent. A maximum difference of 2% is found between the 
three independent measured runs in this case. This result proves that consistent and reliable 
results can be acquired with the use of human beings if correct and consistent procedures are 
followed. The on-body total radiation efficiency results for FLSL 0510 can be found in Fig. 
3.12, three independent measured runs are also depicted to chart the measurement 
repeatability. 
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Fig. 3.12: FLSL 0510 free space and on-body chest (0 mm) total radiation efficiency (%) 
Again, severe deficiencies in performance are evident. At the start of the measured band 
there is a 72.65% drop in measured performance. Similar trends as to the radiation efficiency 
are witnessed and the repeatability levels are still in the order of 2% between each of the 
three measured runs undertaken. 
Questions might arise with respect to the antennas on-body orientation (from Fig. 3.10), 
particularly as the antenna is mounted normal to the chest instead of being parallel; an 
investigation was undertaken with a different on-body orientation. The purpose for this 
investigation is because in a worn application, it is well known that the antenna orientation 
can change due to the users‟ movements. Therefore, even when a wearable antenna is 
designed specifically to be radiating along the body or away from the body, neither of these 
orientations will exist consistently at all times. 
Therefore, a need exists for two distinct evaluations, one radiating along the body (normal to 
the chest) and one radiating away from the body (parallel to the chest). Moreover, fixing the 
antenna in an on-body role beats the purpose of having a wearable antenna which can offer 
the flexibility and comfort that conventional (metallic) type antennas cannot.  
The measurement set-up for the different orientation measurement can be viewed in Fig. 
3.13.   
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Fig. 3.13: (0 mm) measurement set-up for alternative orientation 
This investigation utilised the exact same measurement parameters and procedures as 
previously discussed to ensure that an accurate comparison could be formed. The on-body 
antenna location was configured such that the cable was mounted and secured under the arm, 
enabling the antenna radiating patch to be away from the human body. The exact same        
(0 mm) proximity distance was also maintained. Fig. 3.14 illustrates the measurement results 
from this investigation and the results are directly compared alongside the previous normal 
orientation. 
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Fig. 3.14: (0 mm) measurement results for parallel and normal on-body orientations 
From Fig. 3.14 it can be seen that irrespective of the antennas on-body orientation, the 
deduced radiation and total radiation efficiency results are very close indeed; the difference 
at the largest point is in the order of 4%. The result proves that in this particular case it does 
not matter too much what the orientation is (i.e. the results are valid irrespective of the 
orientation). The question now is: Why is this so? 
1) In a LOS environment, the on-body orientation will be crucial because of the 
radiation pattern characteristics with respect to how the antenna is orientated on-
body. In the LOS scenario, such an agreement (as in Fig. 3.14) is not necessarily 
expected. In the NLOS environment however, as proved back in chapter 2, there is a 
uniform distribution of plane wave angle of arrivals, meaning that the probability of 
the wave coming from every conceivable direction will be equal. The existence of 
this environment can therefore serve to mitigate the effect of the antennas radiation 
pattern with respect to the on-body orientation. A similar argument to this was put 
forward in [19]. 
2) Another contributing factor concerns the size of the ground plane. If a large ground 
plane size was to exist, then such an agreement is again not expected - that is, a more 
pronounced difference is envisaged as the on-body antenna pattern characteristics 
would be more strongly influenced by the larger ground plane.   
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The parallel measured results from Fig. 3.14 were acquired on a different human subject as 
compared to the normal measured results; therefore it can be concluded that any results 
measured at the 0 mm proximity distance are comparable irrespective of the on-body 
antennas orientation (within reason), and secondly that the measured results are reproducible 
and representative of different human subjects. From herewith, all results measured at the     
0 mm proximity distance have used the normal antenna orientation (as in Fig. 3.10) due to 
the ease of this set-up. 
As previously stated, all measured reflection coefficients were acquired using an anechoic 
chamber. The on-body locations for the RC measurements were measured and marked, such 
that for the anechoic chamber measurements, the antennas were placed in exactly the same 
position to ensure that accuracy ensued. Fig. 3.15 details the typical measurement set-up and 
Fig. 3.16 depicts the on-body reflection coefficient performance. 
 
Fig. 3.15: Measurement set-up for on-body reflection coefficients 
As seen in Fig. 3.15, the exact same Velcro straps have been employed and the antenna is 
fixed in the exact same manner as the RC measurements. 
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Fig. 3.16: FLSL 0510 free space and chest (0 mm) measured reflection coefficients (dB) 
From Fig. 3.16, in addition to the severely degraded efficiency performance, the antenna is 
also seen to exhibit a degree of de-tuning. At 2.45 GHz the mismatch efficiency measured on 
the chest is 78% as compared to the earlier depicted free space value of 91%. 
We can now assess the performance of the lower conductivity material textile antenna 
(SHSL 0510), and compare against the higher conductivity copper based textile antenna 
(FLSL 0510) to see if any difference in performance is evident. Figs. 3.17 and 3.18 depict 
the on-body efficiency and reflection coefficient performance respectively.  
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Fig. 3.17: SHSL 0510 free space and on-body chest (0 mm) efficiencies (%) 
Comparing Figs. 3.11 and 3.12 with Fig. 3.17 we find that the antenna constructed with the 
ShieldIt type material is lossier in free space conditions than the higher conductivity copper 
based textile. As previously established, this is completely in-line with expectations. 
However, when the on-body efficiencies are compared, we find that the lower conductivity 
(lossier free space) antenna is grossly more efficient than its copper based counterpart. The 
difference between the performances of the two textile antennas on-body (chest 0 mm) yields 
up to 30% for the radiation efficiency and 25% for the total radiation efficiency. 
Therefore, when assessing the efficiency degradation on-body, the ShieldIt material in this 
case has by far the superior performance. An assessment of the reflection coefficient 
performance on-body for SHSL 0510 is pictured in Fig. 3.18.  
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Fig. 3.18: SHSL 0510 free space and chest (0 mm) measured reflection coefficients (dB) 
From Fig. 3.18 it can be seen that evidence of de-tuning also exists but it is not as severe as 
for the higher conductivity (copper based) textile antenna. Comparing the mismatch 
efficiencies of the two textile antennas at 0 mm we find that the ShieldIt textile material 
exhibits a value of 90% as opposed to the 78% witnessed from the copper textile material. 
About the designed centre frequency, the ShieldIt textile antenna remains well matched. 
 
3.5.3    Bent Elbow (0 mm) Performance 
This investigation looks to assess the antennas performance under a bent condition. The 
purpose of this investigation is to demonstrate what can happen to the antennas performance 
if it becomes stressed and unnecessarily flexed due to human movements. 
The on-body location area used to perform this experiment was chosen to be the elbow. This 
location was selected as opposed to the knee for example, because the antenna could not be 
located so close to a metallic boundary (i.e. the floor), for field uniformity purposes as 
detailed back in chapter 2.  
In this experiment the antenna had to be secured with the standard Velcro ties owing to the 
loading placed on the antenna through bending. The bending radius (measured from the 
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centre of the elbow to the edge of the elbow) was 55 mm. The antenna element selected to 
perform this test was the copper based textile (FLSL 0510), and was located 1.2 m from the 
chamber floor. The human subjects arm was fixed in place by a Velcro tie which was 
strapped around the arm and the shoulder; this was sufficient to hold the arm in place and 
prevent any unnecessary movement. The RC measurement set-up can be viewed in Fig. 3.19 
and the radiation efficiency, total radiation efficiency and reflection coefficient performance 
in this measurement scenario can be viewed in Fig. 3.20. 
 
Fig. 3.19: Measurement set-up for bent elbow investigation 
 
Fig. 3.20: FLSL 0510 bent elbow reflection coefficients (dB) and efficiencies (%) 
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Comparing with the FLSL 0510 chest (0 mm) measurement results from Fig. 3.11, the 
radiation efficiency results at 2 GHz would appear to be slightly higher in the bent 
configuration; this is believed to be due to the absence of major human organs near to the 
antenna. Throughout the mid and upper frequency range the radiation efficiency values are 
comparable. However, the main effect here concerns the total radiation efficiency. The levels 
are 12% to 15% lower than the 0 mm chest values from Fig. 3.12 owing to the severe de-
tuning in the magnitude of the reflection coefficient; rendering the mismatch efficiency in 
the bent configuration at 62% as compared to 78% on the chest at 0 mm and 91% in free 
space.  
It is worth acknowledging that the antenna was stressed for a considerable period of time, 
more so than for example if it was employed in a real on-body scenario. However, in a real 
scenario, if the antenna was in a location on the body that was liable to bend, then at any 
instantaneous point in time the antenna could severely de-tune and this could have 
consequences on the communication link. The conclusion drawn from this investigation is 
that severely loading the antenna under a bent configuration is not good practice, and on the 
evidence of the results seen in Fig. 3.20, should be avoided when an on-body location is to 
be chosen. 
In respect of these conclusions, this experiment was not repeated. 
 
3.5.4    On-Body Back (0 mm) Performance 
This investigation looks to assess if any fundamental differences in performance are 
witnessed at different on-body locations. Any differences, if revealed, would not necessarily 
be a result of differing pattern characteristics with respect to different on-body locations 
within the RC environment; rather, a difference in coupling levels between the human body 
and the antenna as a function of body location. 
The option selected for this investigation was the human subjects‟ back. The reason for this 
selection was to situate the antenna away from the main human organs and not in a scenario 
where it was likely bend severely. The RC measurement set-up can be viewed in Fig. 3.21, 
the efficiency and reflection coefficient results for FLSL 0510 can be found in Figs. 3.22. 
The results for SHSL 0510 are presented in Fig. 3.23. The exact same measurement 
procedures previously discussed have also been adopted in this investigation. 
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Fig. 3.21: Measurement set-up for the back (0 mm) investigation 
 
Fig. 3.22: FLSL 0510 back (0 mm) reflection coefficients (dB) and efficiencies (%) 
Comparing the radiation efficiency performance of FLSL 0510 on the back at 0 mm to that 
of the chest at 0 mm (Fig. 3.14) it is found that the results on the back are generally 
comparable in nature. There is an increase of 5% towards the end of the measured band 
however. The results for the total radiation efficiency are generally comparable in nature 
with the chest (0 mm) values, although they are slightly higher by a few percent.  
There is also frequency de-tuning evident with the antenna at this on-body location. At the 
centre frequency, the mismatch efficiency on the back is recorded as 85% as opposed to the 
78% witnessed on the chest and 91% measured under free space conditions. From the 
T e x t i l e  A n t e n n a  E f f i c i e n c y  P e r f o r m a n c e      P a g e  | 84 
 
evidence witnessed it can be concluded that no wholesale differences in performance are 
apparent from the change in on-body location. 
Assessing the ShieldIt material on the back at 0 mm, the results are presented in Fig. 3.23. 
Please note the slight shift in scale on the right hand y axis. 
 
Fig. 3.23: SHSL 0510 back (0 mm) reflection coefficients (dB) and efficiencies (%) 
From Fig. 3.23 it can be seen that again the lower conductivity ShieldIt based material has 
superior performance on-body as compared to the higher conductivity copper textile. The 
radiation efficiency and total radiation efficiency results for SHSL 0510 on the back are 
again comparable with the levels witnessed on the chest (at 0 mm). 
Comparing the magnitude of the reflection coefficient obtained on the chest (0 mm) and in 
free space, we find that on the back no negative de-tuning is evident whatsoever in this on-
body location. 
The results in Fig. 3.23 re-enforce the results obtained in Fig. 3.17 (chest 0 mm), in so much 
that any measurement anomaly or error can be ruled out - in different on-body scenarios the 
lossier free space antenna continues to outperform the higher free space antenna (copper 
textile), both in terms of efficiency and reflection coefficient performance. 
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3.5.5    On-Body Chest (20 mm) Performance 
In the previous investigations we have established the following: 
1) A lossier antenna in free space grossly outperforms a higher free space efficient 
antenna when placed on-body. 
2) The radiation efficiency values obtained in the RC environment for each respective 
antenna are within a few percent of the values obtained at different on-body 
locations. 
3) The total radiation efficiency values are subject to variations at different on-body 
locations due to the added dependence of this quantity with the on-body reflection 
coefficient performance of the antenna. 
The next investigation looks to assess the effect of having different spacing between the 
antenna and the human body - i.e. if the inter element spacing were to be slightly increased, 
what difference in the magnitude of radiation and total radiation efficiency could be 
obtained?  
The theoretical rationale guiding this investigation is considered to be a function of 
(expected) decreased coupling between the antenna and the human subject; noting that the 
medium that is coupling to the antenna (i.e. the human being) will present a loss (sometimes 
significant) if the antenna is close enough.   
As previously stated, the 20 mm proximity distance was chosen to complete the „envelope‟ 
from strong expected coupling (very close to the body) to reduced coupling (slightly away 
from the body), maintaining a distance that can still be applicable in an on-body scenario. 
The practical application for such a 20 mm distance from the body can be realised for 
emergency service workers who may have antennas attached to their overcoats, and/or 
military service personnel who could have antennas attached to protective clothing worn in 
combat. 
In this investigation the antenna was placed 1.38 m from the floor and situated from the 
human subjects‟ chest. To achieve and maintain the 20 mm prescribed distance from the 
body, the antenna was attached via a 90 degree „elbow‟ connector. Fig. 3.24 details the 
measurement set-up for this investigation. 
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Fig. 3.24: Measurement set-up for the chest (20 mm) investigation 
From Fig. 3.24 it can be seen that with the presence of the elbow connector, the antenna is 
orientated parallel with the body. Consistent with the previous on-body investigations, 
Velcro straps have again been used to fix the cable to the human subject to prevent any 
movements, and the exact same measurement procedures have again been employed. 
Fig. 3.25 details the on-body efficiency and reflection coefficient performance of the copper 
textile antenna (FLSL 0510). 
 
Fig. 3.25: FLSL 0510 chest (20 mm) reflection coefficients (dB) and efficiencies (%) 
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Comparing Figs. 3.14, 3.22 and 3.25, that is on the chest at 0 mm, on the back at 0 mm and 
on the chest at 20 mm, it can be clearly seen that the radiation and total radiation efficiency 
values are at a higher level at 20 mm than previously deduced. A 20% to 30% increase in the 
radiation efficiency is apparent in this case and a 15% to 19% increase in the total radiation 
efficiency. Furthermore, the radiation efficiency levels in Fig. 3.25 are also seen to rise with 
increasing frequency which provides confidence to believe that the coupling theory can 
explain this trend. 
It is also revealed that the added distance from the human subject has reduced the loading 
effects on the antenna sufficiently enough such that no negative de-tuning is apparent in the 
on-body reflection coefficient. The performance of SHSL 0510 at the 20 mm proximity 
distance can be viewed in Fig. 3.26. Please note again the slight shift in the right hand y axis. 
 
Fig. 3.26: SHSL 0510 chest (20 mm) reflection coefficients (dB) and efficiencies (%) 
Comparing Figs. 3.17, 3.23 and 3.26, that is on the chest at 0 mm, on the back at 0 mm and 
on the chest at 20 mm, it is again evident that the added proximity distance mitigates the 
detrimental effect of the human body. This trend can be explained again by the reduced 
coupling between the antenna and human body due to the added (electrical) distance between 
both elements. Further, by assessing the magnitude of the radiation efficiency at 20 mm, it 
can be seen that the antenna towards the end of the measured range has decoupled itself from 
the human body to such an extent, the on-body radiation efficiency levels approach the levels 
evident in free space. 
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This fact could prove useful when antennas with multi band operational frequencies are used 
(progressively higher frequencies), such that the higher frequency bands suffer less of a 
radiation efficiency degradation due to antenna / body coupling - particularly so when 
located 20 mm off the body as seen here. If we assess the effect on the measured reflection 
coefficient, we find that again no negative de-tuning has taken place at all at the 20 mm 
distance using this antenna - the antenna is operational over a similar bandwidth as free 
space. It is proved therefore that certain antennas can be placed in a (relatively) close 
proximity to the human body in an operational role, and suffer only minor detrimental 
performance effects.  
 
3.6 Theoretical & Simulated Evidence 
Drawing conclusions from section 3.5, it is clearly proved that the antenna constructed from 
the lower conductivity, thicker textile material (ShieldIt - SHSL 0510) outperforms the 
thinner, higher conductivity copper textile antenna (FLSL 0510) when placed in various 
locations and proximity distances of the human body, in terms of both the efficiency and the 
frequency de-tuning levels. This result is in stark contrast to the free space (efficiency) case 
and counter-intuitive to what we would normally expect. The question therefore is: Why is 
this the case?  
It is stated in [20] that demands placed upon antennas with small ground planes, when placed 
near the proximity of a human body, can result in an interaction with the reactive near fields 
of the antenna and cause a loss. The reason here for the difference in the magnitude of 
efficiency between the two antennas is due to the fact that the lower conductivity (thicker) 
textile material has given rise to lower electric fields in the body as more power has been lost 
in this antenna itself for the same input power. This fact is understood to have had the effect 
of causing lower losses in the human body as opposed to the higher conductivity (copper) 
textile material [21].  
To help reinforce this statement and provide evidence that this theory can explain the trends, 
two simulated models have been adopted using CST Microwave Studio. The models have 
been mounted (at 1.5 mm to reflect the woollen jumper worn in practice) onto a structure 
whose material parameters have been chosen to emulate muscle at 2.45 GHz 
( 773.1 S/m and 668.52r [22]). Fig. 3.27 depicts the simulated radiated power and 
radiation efficiency from the two models, showing clearly that the copper based textile 
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antenna (FLSL) radiates less power into free space than the SHSL counterpart. Further, by 
definition, it is also seen to be less efficient when placed in conjunction with the simulated 
lossy structure. Fig. 3.28 depicts the simulated electric field magnitudes inside the emulated 
muscle structure at a depth of 10 mm. A clear difference is shown between the two antenna 
models which reinforces the theory that explains this trend.  
 
Fig. 3.27: Simulated radiation efficiency and radiated power on muscle emulated material 
 
Fig. 3.28: Simulated electric field magnitude at 10 mm depth inside muscle emulated material 
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3.7 Summary 
Briefly summarising the results so far, it has been shown that for the case of small sized 
textile antennas, crucially with small ground planes, a higher conductive textile material is 
seen to be more efficient in free space conditions, but grossly less efficient when operating in 
proximity to the human body. Conversely, a small sized textile antenna that is lossier in free 
space conditions is proved to be superior when operational on-body. 
The results in the section 3.5 represent previously unknown knowledge and this is one of the 
contributions to new knowledge that this thesis yields. In this, it is proved that if small sized 
textile antennas with small ground planes are to be employed on body, then a lower 
conductivity, thicker textile material would be the better choice. 
It has also been shown bending the textile antenna whilst on-body can have profound 
consequences. Although the textile antenna is proposed and flexible enough to allow for this 
action, severely stressing the antenna can result in serious frequency de-tuning which can 
impact negatively on the communications link.  
Finally, it has been shown that a 20 mm proximity distance from the human body is 
sufficient in some cases to virtually eradicate any detrimental effects of the human body on 
the antennas performance. For the ShieldIt textile in this study, at the end of the measured 
band (3.5 GHz), it had de-coupled itself completely from the human body with only a 20 mm 
separation. This physical distance represents an electrical separation of slightly less than  /4.      
 
3.8 Definitions: Dual Band Textile Antennas 
With all the aforementioned information established, the motivation and purpose for the rest 
of this chapter is to test the validity of this new found information on larger sized textile 
antennas to see if the relation holds. The expectation for these larger sized devices is that a 
higher conductivity material should yield greater efficiencies in both free space and on-body 
as compared to a lower conductivity textile material. 
The dual-band textile antennas are constructed using a 6 mm thick felt substrate which is 
sandwiched between a triangular Sierpinski radiator at the top and a ground plane at the 
bottom.  A shorting wall (Ws) is centred at the top-edge of the antenna, while power is being 
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fed to the radiator by a 50 Ω SMA connector from its ground plane. The two antennas are 
designed to operate with centre frequencies of 2.45 GHz and 5.2 GHz respectively, with a 
view to cater for various future 802.15 wireless standards. Similar to the previous (single 
band) investigation, this work again results from a collaboration between two parties; the 
textile antennas have been developed by P. J. Soh and G. A. E. Vandenbosch [3, 23], while 
this authors contribution again concerns all the practical measurements for the antennas 
verification and any supporting evidence required. 
Therefore, it is beyond the scope of this thesis to present detailed optimisation and design 
analysis for the antennas under test, please refer to [23] for further information. The topology 
of both dual band textile antennas is constant but two different conductive materials are 
again subject to investigation. 
1) Copper tape (0.035 mm thick with adhesive backing, 
71088.5  S/m at 2.45 
GHz). 
2) ShieldIt™ (woven polyester coated with copper and nickel, 0.17 mm thick, 
51018.1  S/m at 2.45 GHz). 
The dimensions of the optimised antenna from [23] are vf = 9 mm, Hf = 8.5 mm, D =       
24 mm, LG = 44 mm, and WR = 34 mm. The antennas‟ schematic can be viewed in Figs. 
3.29 and 3.30. 
 
 
 
 
 
Fig. 3.29: Dual band textile antenna (a) schematic and (b) optimised dimensions 
 
 
(a) 
 
(b) 
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                                        (a)              (b) 
Fig. 3.30: Dual band textile antenna (a) Sierpinski radiator and (b) ground plane 
 
3.9 Measurement Procedures 
This investigation utilised the exact same measurement procedures as detailed back in 
section 3.4; therefore, to avoid repetition they will not be stated again in this section. In 
terms of the parameters of the dual band textile antenna measurements, a few changes were 
needed to reflect the antennas working range; these are detailed in Table VI.  
Table VI: Measurement parameters for dual band textile antenna efficiency investigation 
Parameter Description 
Stirring sequences 5 degree mechanical stirring 
Polarisation stirring 
5 x Position stirring 
100 MHz frequency stirring 
Total number of measured samples per 
frequency point 
710 
Frequencies (MHz) 2000 - 7000 
Number of frequency data points 1601 
Source power (dBm) + 13 
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With respect to Table VI, the number of frequency data points has been increased to provide 
an adequate number of excited modes throughout the larger measurement range. The amount 
of frequency stirring has also been slightly increased with respect to this range also. Taking 
into account the dual range of impedance matched frequencies only (ignoring the ranges 
outside), this value still only corresponds to approximately 10% of the antennas total 
bandwidth to minimise the reduction in frequency resolution of the measured data. 
 
3.10 Measurement Investigation 
In this sub-section, similar to the single band investigation, a separate discussion will be 
presented concerning different on-body locations and proximity distances in turn, and the 
results for both antennas will be presented side by side for ease of comparison. Where 
appropriate, the measurement results will also be issued alongside simulated evidence 
obtained from CST Microwave Studio to depict the accuracy of the measured trends. The 
layout is configured in the same manner as the single band investigation to assess which 
antenna yields the highest efficiencies and minimal de-tuning on body.  
This sub-section begins with the establishment of the free space performance of the dual 
band textile antennas.   
 
3.10.1    Free Space Performance 
With respect to the measurement procedures detailed in sections 3.4 and 3.9, Figs. 3.31 and 
3.32 depict the free space performance of the copper tape based textile antenna and Figs. 
3.33 and 3.34 depict the shieldIt based textile.  
Before the results are issued, from herewith the antennas will be referred to by their 
manufactured names: FCTP3 = copper tape based textile antenna, FSHP6 = shieldIt 
based textile. 
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Fig. 3.31: FCTP3 free space measured and simulated efficiencies (%) 
From Fig. 3.31 it can be seen that the copper tape based (higher material conductivity) textile 
antenna is highly efficient in free space conditions. A reasonable agreement is obtained with 
the simulated assessment. The total radiation efficiency is in good agreement, but the peak in 
the higher band is seen to be offset when comparing the measured and simulated results. 
This is a direct result of differences between the measured and simulated radiation efficiency 
and also the reflection coefficients as Fig. 3.32 suggests. 
The differences between the measured and simulated reflection coefficients can be attributed 
to slight differences in the dimensions between the simulated model and the physical design, 
and furthermore, the presence of the SMA connector in the physical design can also have an 
effect.  
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Fig. 3.32: FCTP3 free space measured and simulated reflection coefficients (dB) 
The free space performance of the ShieldIt material can now be charted in Figs. 3.33 and 
3.34. 
 
Fig. 3.33: FSHP6 free space measured and simulated efficiencies (%) 
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Comparing Figs. 3.31 and 3.33 we find that the higher conductivity copper tape material 
yields higher efficiencies in free space conditions. Differences in the lower frequency band 
are in the order of 10%. It can be seen that a good agreement is obtained with the simulation 
results, with the measured trends tracking the simulated values well. Differences in the total 
radiation efficiency are witnessed in the lower band this time - this results from a frequency 
shift in the measured and simulated reflection coefficients as proved by Fig. 3.34. 
 
Fig. 3.34: FSHP6 free space measured and simulated reflection coefficients (dB) 
 
3.10.2    On-Body Chest (0 mm) Performance 
The on-body experiment for the dual band textile antennas used the exact same measurement 
set-up and procedures as the previous single band textile antenna investigation (section 
3.5.2). Therefore, to avoid repetition, the procedures will not be issued again. Figs. 3.35 and 
3.36 detail the on-body performance of the copper tape based antennas (FCTP3), while Figs. 
3.37 and 3.38 detail the performance of the ShieldIt textile antenna. 
In each figure the on-body results will be issued alongside the free space values so that any 
performance degradation on-body can be easily assessed. 
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Fig. 3.35: FCTP3 free space and on-body chest (0 mm) efficiencies (%) 
From Fig. 3.35 we see a relatively high level of radiation efficiency at the chest location on-
body. The radiation efficiency has degraded only 17% in the lower (2.45 GHz) band and 
20% in the upper band around 5 GHz. Similar values are also evident concerning the total 
radiation efficiency. This result is quite remarkable since at the 0 mm proximity distance the 
results would represent a „worse case‟ scenario (i.e. the largest loss is expected). 
Looking at the profile of the lower band total radiation efficiency, it would appear slightly 
distorted - this suggests evidence of detuning which is apparent from Fig. 3.36. 
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Fig. 3.36: FCTP3 free space and on-body chest (0 mm) reflection coefficients (dB) 
We can now assess the ShieldIt antenna (FSHP6) at this location on-body to see how it 
compares. 
 
Fig. 3.37: FSHP6 free space and on-body chest (0 mm) efficiencies (%) 
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Comparing Figs. 3.35 and 3.37 we find that for the larger sized dual band antennas, the 
higher conductivity material is seen to yield higher efficiencies in both free space and on-
body, which conforms completely to expectations this time around. 
In terms of the radiation efficiency, the copper tape material (FCTP3) is 17% more efficient 
on-body than the shieldIt material in the lower band and 18.5% more efficient in the higher 
band (with respect to where the FCTP3 antenna is impedance matched). Furthermore, with 
the larger dimension sized antennas, the extreme degradation in performance as the single 
band (FLSL 0510) antenna is not evident - the efficiencies measured on-body are more or 
less reasonable. 
One trend that requires comment concerns the high frequency on-body performance of 
FCTP3. Comparing the on-body trends in Figs. 3.35 and 3.37 we see the high frequency 
performance of the copper tape based antenna degrading sharply, whilst the ShieldIt material 
has a gradual upwards trend. 
The reason for the degraded copper tape performance is believed to be due to peeling and 
deformation of the edges of the Sierpinski radiator. This is understood to have affected the 
high frequency radiation characteristics of this antenna, as at higher frequencies the surface 
current on the antenna will seek to find clusters comparable in size in order to radiate 
efficiently [24]. Further, it should be noted that a period of six months separated the free 
space and on-body measurements for this antenna; which can explain the trend witnessed at 
higher frequencies on-body as opposed to free space. 
Fig. 3.38 compares the measured free space and chest (0 mm) reflection coefficient 
performance of the ShieldIt textile material (FSHP6), where it can be seen that slight de-
tuning is again evident in the lower band - similar to the copper tape based textile antenna. 
The higher frequency band is again seen not to suffer from any adverse effects from the 
human body - it remains perfectly impedance matched. 
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Fig. 3.38: FSHP6 free space and on-body chest (0 mm) reflection coefficients (dB) 
 
3.10.3    On-Body Back (0 mm) Performance 
The purpose of this investigation is to firstly investigate whether the larger ground plane 
sized antennas are sensitive to different locations on-body, and secondly to analyse the 
repeatability in the measurements over a larger frequency range and at a different on-body 
location. The measurement set-up for this investigation was configured exactly the same as 
for the single band investigation back in section 3.5.4; the measurement procedures also 
remained consistent as previously described. 
The efficiency performance and measurement repeatability of FCTP3 on the back at 0 mm is 
pictured in Fig. 3.39, and the on-body measured reflection coefficient is depicted in Fig. 
3.40. 
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Fig. 3.39: FCTP3 on-body back (0 mm) efficiencies (%) and measurement repeatability 
From Fig. 3.39 it can be seen that consistent results are again evident - the repeatability 
between three separate independent measurements is in the order of 2% at the maximum. It 
is conclusively proved therefore that with the adoption of the correct measurement 
procedures (as detailed in this chapter), statistically repeatable and consistent results can be 
obtained with measurements on real human beings in the RC, irrespective of antenna type, 
on-body location or different frequency ranges.  
The repeatability provides confidence that any measurement undertaken using the 
procedures detailed in this chapter is correct, as no wild fluctuations or anomalies are seen to 
be present. Fig. 3.40 details the reflection coefficient of FCTP3 on the back at 0 mm. 
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Fig. 3.40: FCTP3 free space and on-body back (0 mm) reflection coefficients (dB) 
From Fig. 3.40 we see that de-tuning is evident in lower band only, the higher frequency 
band remains perfectly impedance matched. The reasons for the de-tuning in the lower band 
only can be attributed to coupling between the human being and the antenna, and also partly 
because of the ground plane. To elaborate further, at smaller wavelengths the ground plane 
should be more effective because of its increased electrical size; hence this is believed 
responsible here for the evidence witnessed in the lower band only [25]. 
Fig. 3.41 portrays the on-body performance of FSHP6 at the back location. 
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Fig. 3.41: FSHP6 on-body back (0 mm) reflection coefficients (dB) and efficiencies (%) 
Comparing Figs. 3.37 and 3.41 (FSHP6 chest 0 mm and back 0 mm respectively) it can be 
seen that the on-body efficiency results are generally comparable - no discernable difference 
is witnessed in this case. The lower band reflection coefficient again shows evidence of de-
tuning - the frequency shift is seen to be in the order of 90 MHz downwards, rendering the 
impedance match at 2.45 GHz to be -6.2 dB. Nevertheless, the antenna is not seen to be 
impedance matched in free space to begin with due to slight differences between the 
dimensions of the initial simulated design and the manufactured prototype.  
The upper band is again seen to be perfectly matched; no de-tuning is evident in this range. 
 
3.11    Theoretical & Simulated Evidence 
Drawing conclusions from section 3.10, it is clearly proved that this time, the antenna 
constructed from the higher conductivity, thinner material (copper tape - FCTP3) 
outperforms the thicker, lower conductivity ShieldIt textile antenna (FSHP6) in free space 
and when placed in various locations of the human body. This result conforms completely to 
expectations this time around. Nevertheless, in this section we seek to provide further 
evidence that support the measurement conclusions. Similar to section 3.6, the dual band 
antennas have been mounted (at 1.5 mm) onto a structure whose material parameters have 
been chosen to emulate muscle at 2.45 GHz ( 773.1 S/m and 668.52r [22]). Fig. 
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3.42 depicts the simulated radiation and total radiation efficiency from the two models, 
showing clearly that the simulated copper tape based textile antenna (FCTP3) agrees with the 
measurement findings perfectly, in the sense that it exhibits enhanced levels of efficiency in 
conjunction with the lossy structure. 
 
Fig. 3.42: Simulated radiation and total radiation efficiencies on muscle emulated material 
 
3.12    Measurement Uncertainties 
For the measurement uncertainties the following aspects are considered. Firstly, it is known 
from [26] that direct coupling can be a major source of uncertainty during Over the Air 
(OTA) measurements in the RC; therefore, the direct coupling (expressed as the Rican K 
factor as detailed in section 2.8) should be as small as possible. 
Models were presented in [26] that equate the total standard deviation in the average power 
transfer function to be comprised of the non line of sight number of independent samples      
( NLOS ), the line of sight number of independent samples ( LOS ) and the Rician K factor as 
detailed in Equation (3.3). 
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where:  avK is the average Rician K factor, comprising the samples obtained from the 
different stirring mechanisms used throughout the measurements as detailed in Tables V and 
VI. The standard deviation in dB scale can be presented as an average of  1  and 
 1 [27], and is detailed in (3.4). 
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To calculate the non line of sight number of independent samples, the autocorrelation 
function was employed as defined in [28]. After which, [29] was referred to and repeated in 
terms of the total number of measurement samples used throughout this investigation (710 
samples per frequency point), to obtain the correct critical value for use in the 
autocorrelation calculation at a 99% confidence interval; thus the 1/e = 0.37 criterion was not 
used in this investigation. The full procedure of how the non line of sight number of 
independent samples is calculated is detailed in Appendix A1. 
The line of sight number of independent samples can be calculated by (3.5) after consultation 
with [21]. 
INDANTENNAPLLOS NN _                                           (3.5) 
where: PLN  = number of position locations = 5, and INDANTENNAN _  = number of independent 
transmitting antenna locations = 1. 
Before any standard deviations are issued, it is important to assess the statistics of the 
measurement on the different on-body locations used throughout the investigation. Any 
difference in the measured statistics at different on-body locations could result in a different 
uncertainty which is unacceptable.  Figs. 3.43 and 3.44 detail the measured Rician K factor 
at different on-body locations for the single band and dual band antennas respectively. A 
result taken from the free space textile antenna measurements (i.e. no human presence) is 
also provided to depict the magnitude of the human „loading‟ to the chamber.    
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Fig. 3.43: Measured Rician K factor in free space and at different on-body locations for single 
band antennas 
 
Fig. 3.44: Measured Rician K factor in free space and at different on-body locations for dual 
band antennas 
Figs. 3.43 and 3.44 shows that a slight increase in the proportion of direct power is evident in 
the on-body measurements from the free space equivalent (no human presence), but this 
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increase is not seen to be large as to expect a significant rise in the measurement uncertainty 
resulting from this quantity. 
Figs. 3.43 and 3.44 also prove that the measured statistical environment is consistent from 
one body location to another. No major fluctuations are present which means that similar 
uncertainty levels are to be expected irrespective of different on-body locations. With respect 
to different human subjects, Fig. 3.45 depicts the effect on the proportion of direct power in 
the chamber. Two male and one female subject was used with heights ranging from 1.74 m 
to 1.8 m and weights ranging from 70.5 kg to 81.3 kg, each subject wearing different 
clothing. Fig. 3.45 shows that the statistics are comparable irrespective of the human being 
proving that a consistent platform in the chamber is realised from one human being to the 
next. 
 
Fig. 3.45: Measured Rician K factor for different human subjects 
The final standard deviations can now be issued. Fig. 3.46 depicts the standard deviations in 
linear and dB scale for the single band antennas as a function of different on-body locations, 
where it can be seen that a very low overall uncertainty exists (in the order of 0.22dB for all 
the different locations tested). The uncertainty is also seen to be comparable irrespective of 
the on-body location chosen, which proves that any different on-body locations or any slight 
movements that may have occurred in the measurements do not affect the measurement 
repeatability and/or accuracy. 
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Fig. 3.47 depicts the dual band measurement uncertainty and proves that similar low 
uncertainties are present with the larger sized antennas at higher frequencies. The results 
here further re-enforce that the measurement procedures are thus accurate and correct.   
 Please note that the scales in the graphs below do not represent a direct 
conversion from linear to dB and vice-versa. The graphs have been scaled such 
that both information sets are clearly visible. 
 
Fig. 3.46: Measurement uncertainties (linear and dB) for single band investigation  
 
Fig. 3.47: Measurement uncertainties (linear and dB) for dual band investigation  
T e x t i l e  A n t e n n a  E f f i c i e n c y  P e r f o r m a n c e      P a g e  | 109 
 
3.13    Conclusion  
This chapter has shown that efficiency measurements performed using textile antennas on 
live human beings can be performed in an accurate and controlled manner, with the 
repeatability being as close as 2%. The magnitude of on-body losses experienced by a given 
textile antenna with a small ground plane is seen in this case to be a function of the material 
properties of that antenna - a higher conductivity, thinner (copper based) textile material 
which is more efficient in free space is seen to perform worse when placed on body as 
compared to a lower conductivity and lossier free space textile antenna with the same overall 
design topology. This is proved to be due to the fact that the lower conductivity material 
based antenna has given rise to lower electric fields in the body as more power has been lost 
in the antenna itself for the same input power. This is a remarkable result from this study, 
constituting new knowledge which can have a profound impact on the material choice for 
these small sized antennas, in the sense that a higher conductivity material would appear not 
always to be the best option when operating in close proximity to a human being.  
 
The magnitude of efficiency losses on body has been experimentally shown to be mitigated 
somewhat by a variation in the distance from the body - a small 20 mm distance from the 
body (for antenna SHSL) in this case was sufficient  to show that a reduction in radiation 
efficiency can be eliminated by up to 22%. For the single band (SHSL) antenna, at higher 
frequencies the 20 mm (off) body result approached the radiation efficiency value in free 
space.  
 
From the experiment that looked to assess the effect of loading the antenna via bending, one 
can conclude that this aspect is not good practice - the antenna was severely loaded for a 
considerable period of time (more so than for example if placed on a body part that relaxed 
the antenna from time to time), and thus the de-tuning performance was seen to be severe in 
this scenario. From the results seen here this condition cannot be recommended.  
 
For the dual band antennas, the investigation has determined that the higher conductivity 
based material provides a more resilient operation on-body in terms of its efficiency 
performance. The results also show this aspect is valid both in free space and on-body 
operational roles which in this case is entirely expected. This facet is different from the 
single band study, thus it can be surmised that in addition to the conductivity of the textile 
material, the ground plane size of the antenna is also a crucial design parameter. 
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Two facets have presented themselves in the dual band study. Firstly, the ShieldIt material 
selection had a tendency to frequency de-tune in the lower band of operation. In this case it 
manifested itself as a frequency shift of 90 MHz. Therefore, any future designs using the 
shieldIt material that aim to operate on-body should aim to compensate for this de-tuning in 
the lower band by designing the initial centre frequency with the body in mind to account for 
the frequency shift. Potentially, another option remains here to increase the distance between 
the antenna and human subject where we expect reduced coupling. For the copper based 
antenna, obtaining an enhanced impedance match in the initial design would solve the 
problem in the lower band.  
Secondly, although both measurement and simulated results showed the higher conductivity 
material used in this study to perform better (in terms of efficiency at the dual band 
frequencies), the fabricational construction of the copper tape material should be improved 
for a more robust design. The adhesive backing used for the copper tape construction has a 
tendency to degrade over time meaning that the edges of the Sierpinski gasket began to peel 
and deform - this is believed to have affected the practical high frequency efficiency 
performance of the antenna. A more robust method might be to use a copper based textile 
and stitch this to the fleece substrate instead. On the whole however, the investigation has 
confirmed the textile antenna is a strong candidate for use in the on-body role. With regards 
to the measurement practices and facility, the methods utilised have yielded an accurate and 
repeatable series of results; this validates the RC‟s use for this type of measurement. 
Repeatability in the dual band measurement results is also seen to be in the order of 2% at 
the maximum and the uncertainty in the order of 0.2 dB, which proves that any (inevitable) 
subtle human movements have not affected the accuracy.  
It has also been proved that the statistical measurement environment is consistent 
irrespective of different on-body locations or different human subjects. This is a useful fact, 
proving the suitability of the RC facility. 
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Chapter 4: Multi-Port & Array Antennas 
4.1 Introduction 
Antenna arrays have many different performance parameters which can be applied as an 
indicative measure of the merits in a given design. Traditionally, the performance of such 
arrays has always been characterised in the anechoic chamber (AC) or free space in 
conjunction with the much sought after radiation pattern characteristics of a given device. 
However, over the past few years the RC has emerged as a promising candidate for the 
measurement of multi-port antenna parameters [1, 2]. In these prior published works, the 
measurement techniques have considered the „embedded element‟ - that is, one element 
excited while all other elements are terminated in impedance matched loads.  
For Multiple Input Multiple Output (MIMO) characterisation, the embedded element 
approach is desired because access is required to characterise each individual measured 
„channel‟ in turn. The essential requirement for MIMO antennas is that diverse reception 
must be provided - i.e. the different ports on one single device must be capable of receiving 
different signals; which implies that the signals at different ports must be sufficiently 
uncorrelated from one another. This way, when employed in a MIMO system (which 
consists of several transmitters and receivers), the antenna can provide for a high data rate / 
high capacity, and when the different signals are combined according to given diversity 
techniques, they are able to combat fading in multipath propagation environment [3, 4].  
Antenna diversity can be realised in various ways. Depending on the environment and the 
interference that is expected, designers usually have a choice of which scheme to apply. The 
most common techniques include spatial, polarisation and pattern diversity. Spatial diversity 
is performed with multiple antennas, usually having the same characteristics, which are 
physically separated by space. Depending on the environment, sometimes a distance in the 
order of half wavelength is sufficient [2]. 
Spatial diversity can become impractical however when designing multiple antennas on 
small devices such as mobile telephones and laptops as the space available is limited. The 
addition of multiple feeds in close proximity to one another will inevitably result in high 
mutual coupling and increased correlation so other techniques are needed. It is well known 
that the PIFA is widely employed in mobile and portable applications due to its simple 
design, lightweight construction and desirable radiation pattern [5], there is a motivation and 
need to use the PIFA topology to develop new diversity antennas having two or more feeds. 
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For multiport arrays that are not designed for MIMO applications, a distinction should 
perhaps be created, as in their practical operation they are typically used in an “all excited” 
manner. Typically, this “all excited” scenario could be active in nature; that is, an array of 
elements excited individually by separate generators [6]. However, this active nature could 
be complicated to analyse and would deter from the convenient nature of measurements in 
the RC that use standard network analysers. Thus, from a measurement perspective, a 
concession can be made to treat the analysis of multi-port arrays via a “passive” approach 
instead; that is, a single excitation source exciting all the array elements through a series of 
power dividers [6]. This would retain the favourable nature of using standard network 
analysers but would begin to encompass the “all excited”, realistic nature of the array‟s 
operation.  
Another benefit to this approach is that the radiation efficiency measurement of the entire 
array; important because the radiation efficiency performance of such arrays is liable to be 
affected by mutual coupling, can be effectively treated in a manner similar to a single port 
antenna - this can simplify the measurement procedures and can also serve to reduce the 
overall measurement time. In this case, the radiation efficiency is also an important 
parameter to assess because it provides an indication as to the sensitivity of the array 
(defined as the ratio of effective area to the noise temperature), which is also a crucial 
parameter in radio astronomy applications.  
An approach of this kind can be found within literature, see [7]. One of the problems 
discussed in [7] with this type of measurement is that a power loss will be evident from any 
power divider that is external to any physical array. Therefore, this power loss requires 
quantifying and “de-embedding” from the array to accurately deduce the array‟s 
performance alone; this forms the focus of this investigation and the method of de-
embedding employed is what differs from [7]. In this thesis, a new direct method of de-
embedding the power divider by a new modified version of the standard single port 
efficiency equation is presented, which can simplify the de-embedding process. 
This chapter begins with the discussion on the dual feed PIFAs in the following sub-section. 
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4.2 Definitions: Single Element Dual Feed PIFAs 
The single element dual feed PIFA was developed at Liverpool in 2010 by H. T. Chattha [8]. 
The motivation for the antenna development was to create a small sized MIMO/diversity 
antenna based on the popular PIFA topology that could be successfully employed into a 
handset device. Initially however, the antennas were only developed theoretically and 
numerically with limited practical results. The motivation therefore was fully characterise 
and demonstrate the practical merits of the new designs. This work results from a 
collaboration between two parties; the antennas theoretical and numerical development was 
performed by H. T. Chattha, while the contribution from this author concerns the practical 
manufacture and all measurements, the measurement processing and any supporting 
evidence acquired for this thesis. It is beyond the scope of this thesis to present any detailed 
optimisation analysis and design guidelines for the antennas - please refer to [8] for further 
information. In this section therefore, the antennas will only be briefly described.  
The single element dual feed PIFAs under investigation consist of two separate cases - one 
where the feeds are aligned parallel to each other (co-polarised feeds); the other has the feeds 
aligned perpendicular to each other (cross-polarised feeds). For both antennas, the copper 
radiating top plate has dimensions width = 40 mm and length = 20 mm and ground plane 
dimensions of width = 40 mm and length = 100 mm. The dielectric material used between 
the rectangular ground plane and the feeds is FR4, which has a thickness of 1.5 mm and a 
relative permittivity  4.4r . The height of the top plate from the FR4 substrate is 10 mm.  
Fig. 4.1 and 4.2 depicts the topology of the two antennas under investigation in this study. 
 
                                                             Fig. 4.1: Dual feed PIFA with co-polarised feeds 
Shorting pin 
Feed 1 
Feed 2 
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                                                               Fig. 4.2: Dual feed PIFA with cross-polarised feeds 
The antennas are designed to operate in the 2.45 GHz Bluetooth / WLAN band as a 
diversity/ MIMO antenna. The electrical separation between the two feeds evident in Figs. 
4.1 and 4.2 is 0.17  at 2.45 GHz.  
The isolation between the two closely spaced feeds is provided in this case by etching away 
a portion of the ground plane between the feeds. In this, it aims to provide a barrier to current 
flow by means of an antiresonant LC circuit in between the two ports to allow for an increase 
in isolation. The etching technique is depicted in Fig. 4.3 while the approximate equivalent 
circuit and current distributions that support the technique can be viewed in [5]. 
 
 Fig. 4.3: Etching technique to provide isolation between the two feeds 
There are other examples in literature to accomplish the isolation of closely spaced feeds; for 
example, by the insertion of a suspended line between a PIFAs feeding or shorting points [9], 
or via the use of de-coupling networks [10, 11].  
Shorting pin 
Feed 1 
Feed 2 
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Although prior work has been performed characterising antennas with spatial diversity [12, 
13], the novelty of the designs and this work is that the antennas are configured only to 
provide pattern diversity (co-polarised feeds) and pattern and polarisation diversity (cross-
polarised feeds). A brief summary of these techniques can be presented as follows.  
Pattern or angle diversity involves multi-port antennas that are configured to produce 
beams pointing in slightly different directions. This technique is able to provide diversity as 
it has been stated that the scattered signals associated with these (different) directions 
resulting from a multipath propagation environment are uncorrelated [14].    
Polarisation diversity advocates that multiple feeds on a single device be configured with 
different polarisations. This technique is clever in the sense that the different (orthogonal) 
polarisations can serve to minimise the space requirements on a device as it capitalises on the 
fact that the field orthogonality suffices to de-correlate any signals [14]. Other diversity 
schemes do exist such as frequency and time diversity. A further in-depth discussion on all 
the diversity schemes can be found in [14].   
With respect to the radiation pattern characteristics of the devices, Figs. 4.4 and 4.5 portray 
the three dimensional pattern (diversity) for the co-polarised and cross-polarised feeding 
networks respectively. It can be seen that (pattern) diversity is achieved due to the fact that 
feed 1 mainly uses the top plate as the its radiating element whereas the feed 2 is using the 
top plate and the ground plane as the radiating elements [5]. Hence, the radiation patterns 
produced by the two feeds are different and the diversity is aimed to be achieved through 
these differing patterns. 
 
   (a)     (b) 
Fig. 4.4: 3D simulated radiation patterns for co-polarised PIFA: (a) Port 1 and (b) Port 2  
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(a)     (b) 
Fig. 4.5: 3D simulated radiation patterns for cross-polarised PIFA: (a) Port 1 and (b) Port 2  
 
4.3 Measurement Parameters 
In this thesis, the following performance indicators are sought: 
1. Diversity gain 
2. Correlation levels  
3. Channel capacity 
4. Embedded element efficiencies 
Performance indicators (1) to (3) in this thesis have been acquired using the RC and their 
measurement parameters are indicated below. Point (4) has been acquired using an anechoic 
chamber and will be discussed separately in section 4.7. 
With respect to the RC measurements, Table VII details the parameters used in this 
investigation. 
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Table VII: Measurement parameters for MIMO investigation 
Parameter Description 
Frequency (MHz) 2000 - 3000 
Stirring sequences 1 degree mechanical stirring 
Polarisation Stirring 
12.5 MHz frequency stirring  
Number of frequency data points 801 
Source power (dBm) -7 
Reference antenna Satimo SH2000 
Transmitting antenna Rohde & Schwarz HF 906 
Miscellaneous MIMO antenna port not being measured 
terminated in 50 ohm. 
Any other antenna not being measured (e.g. 
reference) left inside the chamber and 
terminated in 50 ohm. 
 
From Table VII, the stirring sequences have been selected to allow for a relatively large 
amount of data to acquire the performance indicators accurately. The number of frequency 
data points has been selected to excite a sufficient number of modes throughout the 
measurement range. 
With regards to the miscellaneous row, the requirement for terminating any unused feeds on 
the MIMO antenna with 50 ohm is to keep the MIMO antenna in a balanced condition 
throughout, and to prevent any differences occurring in the mismatch from either feed if they 
were left open circuit [15]. 
As previously discussed, the requirement for having all antennas inside the chamber at the 
same time is to ensure that the chamber Q factor is constant from the reference measurement 
to the MIMO antenna measurement to ensure accuracy.   
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4.4 Diversity Gain from Cdfs 
Before any results are issued, a few definitions are warranted. In the simplest terms, the 
diversity gain can be expressed as the improvement in the signal to noise ratio (SNR) at the 
output of a diversity combiner compared to the input of the diversity antenna at a given 
(usually 1%) cumulative probability level [16]. A more precise definition is possible based 
upon the type of diversity gain one is interested in [17]: 
1. Apparent diversity gain: difference between the power levels in dB scale at a given 
cumulative probability level between the cdf of a combined signal and the cdf of a 
signal at the antenna port with the strongest average signal level. 
 
2. Effective diversity gain: difference between the power levels in dB scale at a given 
cumulative probability level between the cdf of a combined signal and the cdf of a 
signal at the port of an ideal single antenna corresponding to 100% radiation 
efficiency when measured in the same environment. 
 
3. Actual diversity gain: difference between the power levels in dB scale at a given 
cumulative probability level between the cdf of a combined signal and the cdf of a 
signal at the port of an existing practical single antenna that is to be replaced by the 
diversity antenna when measured at the same location and in the same environment. 
In this thesis, we are interested in the apparent diversity gain only. With regards to the 
diversity combination techniques, many different schemes have been devised to exploit the 
(ideal) uncorrelated fading exhibited by separate isolated antenna elements.  
In this work, the selection combining (SC) technique has been applied with respect to all 
diversity gain results that are issued; the reason for this selection is simply because from a 
signal processing and hardware perspective, it is perhaps one the easiest methods of all to 
apply [14]. The basic premise of SC will be outlined below; however, the fundamental 
principles of the other existing combination techniques can be found in [14]. 
Fig. 4.6 illustrates the principle of selection combining. 
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Fig. 4.6: Principle of selection combining 
As Fig. 4.6 aims to illustrate, the signal with the highest SNR is simply selected. This is one 
example of how multipath fading can be overcome - that is, if a signal received by one 
antenna suffers from fading, anyone of the other antennas should receive a signal with a 
larger power (providing they are sufficiently uncorrelated), and the largest signal among all 
receivers is thus selected. 
It is possible to calculate the diversity gain from both cdfs and the measured correlation 
between two or more antenna feeds in the RC. In this sub-section, the cdf approach will 
receive treatment first. 
To begin with, a transfer function from the reference antenna is established as detailed in 
Equation (4.1). The purpose of this measurement is to „calibrate‟ the attenuation in the 
chamber. 
     222211
2
21
11 REFTX
REF
REF
SS
S
TF

                                           (4.1) 
where: TXS11 = reflection coefficient of the transmitting antenna and REFS22 = reflection 
coefficient of the reference antenna. Please note that similar to chapter 3, the reflection 
coefficient quantities are acquired in an anechoic chamber. The reference transfer function 
should then be corrected for its known radiation efficiency  REF as in (4.2). 
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Once completed, the reference antenna should be substituted for the MIMO antenna. The 
transmission coefficient is then measured between the transmitting antenna and both feeds of 
the antenna (in turn), ensuring that the feed not undergoing measurement is terminated in a 
matched load (50 ohms in this case). The resulting channel samples  21S ; that is, one 
transmitting and two separate receive channels (Single Input Multiple Output: SIMO), are a 
function of frequency and the stirring parameters as detailed in Table VII. 
It is necessary to then normalise the measured channel samples with respect to the square 
root of the pre-defined reference power level. The square root is needed because the 
measured channel samples  21S  are a function of voltage (measured transmission 
coefficient S-parameters), and the normalisation takes into account the path loss in the 
chamber, defined by the reference transfer function and the known radiation efficiency in 
(4.2). Thus, the resulting channel matrix  21H can be formed by [18]. 
REFP
S
H 2121

                                                              (4.3) 
Once the channel matrix is formed, the cumulative probability can be calculated by 
equations (4.4) and (4.5), and is graphed against the relative received power, calculated by 
equations (4.6) - (4.8). 
 
For the cumulative probabilities, calculate the sum for each respective channel (i): 



N
n
iHisum
1
1_                                                        (4.4) 
where: i = 1, 2 and N = 718. After which, the cumulative probability (Cumprob) can be 
deduced from: 
isum
iCumsum
iCumprob
_
_
_                                                 (4.5) 
where: Cumsum represents the cumulative sum. 
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For the relative received power, the channel matrix (voltage) value for each respective 
branch is squared: 
 21_ isq HiH                                                      (4.6) 
The time average is then found from (4.7). 



N
n
sqAV iH
N
iT
1
_
1
_                                                 (4.7) 
Each power sample is then normalised to the time average and converted to dB scale by 
(4.8). 
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Figs. 4.7 and 4.8 represent the measured apparent diversity gain from cdfs for the co-
polarised PIFA and cross polarised PIFA respectively. 
 
Fig. 4.7: Diversity gain from cdf for co-polarised PIFA 
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From Fig. 4.7 it can be seen that a high level of apparent diversity gain is evident from the 
co-polarised design. The power level of the strongest branch at the 1% cumulative 
probability level (Channel 2) is recorded as -22.104 dB, with the power level of the selection 
combined level being measured at -12.66 dB. This provides a diversity gain of 9.44 dB.  
 
Fig. 4.8: Diversity gain from cdf for cross-polarised PIFA 
From Fig. 4.8 it can be seen that a high level of apparent diversity gain is obtained for the 
cross-polarised design. The power level of the strongest branch at the 1% cumulative 
probability level (Channel 1) is recorded as -21.086 dB, with the power level of the selection 
combined level being measured at -10.991 dB. This provides a diversity gain of 10.095 dB; 
very close to the theoretical two port selection combining maximum of 10.2 dB in this case.  
Both channel branches for both co-polarised and cross-polarised designs are seen to follow 
the theoretical Rayleigh cdf curve well which would suggest that the samples are inherently 
Rayleigh distributed. However, they are slightly offset to the left of the Rayleigh curves 
which is due to the fact that the respective branch efficiencies are less than 100% [2]. The 
theoretical Rayleigh curve here signifies the performance of an ideal lossless (and 
hypothetical) antenna with 100% efficiency.  
So far the evidence would suggest that the antennas perform well, and the isolation technique 
employed would appear successful in eliminating any detrimental performance effects. 
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However, we seek further evidence to verify the antennas operational quality and to 
substantiate the measured levels of diversity gain witnessed.  
 
4.5 Diversity Gain from Correlation 
Although the diversity gain can be easily predicted from the measured and calculated cdfs, a 
degree of information is lost here as all the measured samples for each channel across the 
entire frequency range have been utilised in order to define the cdfs accurately. In many 
instances, it could be important to know how the diversity gain varies as a function of 
frequency. To achieve this, the correlation between measured samples from both the antenna 
feeds can be measured and calculated as a function of frequency, and the diversity gain thus 
obtained. 
It is well known that the complex correlation coefficient   can be measured and calculated 
from the far field embedded element pattern acquired in an anechoic chamber [17]: 
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where:   ,1G and   ,2G  are the embedded far field functions of ports 1 and 2 
respectively - i.e. the far field function when all the other elements are present and 
terminated in impedance matched loads, and  *  represents the complex conjugate. It is also 
possible to express the same complex correlation in terms of S-parameters measured at the 
antenna ports [17]: 
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                          (4.10) 
Where the square of the complex correlation in (4.10) is equal to the envelope correlation. 
The form of (4.10) is only valid for lossless antennas; hence it will not be employed here. 
Using the same RC measured data as in section 4.4, the correlation between both antenna 
feeds can be found from the measured voltage samples  21S  by use of (4.11) after 
consultation with [19]. 
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where: x represents the samples obtained for feed 1 in this case and y represents the samples 
obtained for feed 2. Also: 
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And: 
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Figs. 4.9 and 4.10 detail the measured and simulated correlation as a function of frequency 
for the co-polarised and cross-polarised PIFA respectively. The simulated correlation values 
have been acquired in CST Microwave Studio from the optimised antenna models developed 
in [8]. The correlation (and the subsequent diversity gain) values have been calculated from 
the 3D far field embedded patterns (Eq. 4.9) and not from simulated S parameters (Eq. 4.10) 
for reasons previously explained.   
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Fig. 4.9: Measured and simulated correlation for co-polarised PIFA 
 
Fig. 4.10: Measured and simulated correlation for cross-polarised PIFA 
 
From Figs. 4.9 and 4.10 it can be seen that the correlation levels, measured from voltage 
samples obtained at both antenna ports, are very low indeed. Both figures prove that the 
respective feeds for both the co-polarised and cross-polarised designs are well isolated from 
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one another, and as such, the respective voltage samples obtained at either port are 
substantially different. The agreement with simulated values is also seen to be very good; 
generally, differences in the order of 0.01 are witnessed.    
The low values of measured correlation in Figs. 4.9 and 4.10 potentially validate the 
diversity gain results obtained from the cdfs, as a low correlation between the antenna ports 
can give rise to a high level of diversity gain as we can see next. 
Mathematically, the standard definition for diversity gain (DG), estimated from the complex 
correlation goes as [1]. 
2
110 DG                                                 (4.15) 
where:
2
1  is the approximate expression for the correlation efficiency - i.e. the 
reduction in diversity gain due to the correlation between the two antenna feeds. Assuming 
(two port) selection combining techniques, it is possible to revise (Eq. 4.15) to [20]: 
2
148.10 DG                                             (4.16) 
where: the 10.48 in (Eq. 4.16) is quickly proved as follows: 
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(4.17) 
Figs. 4.11 and 4.12 detail the measured and simulated diversity gains, calculated from the 
correlation using (4.16), for the co-polarised and cross-polarised designs respectively.  
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Fig. 4.11: Measured and simulated diversity gain from correlation for co-polarised PIFA 
 
Fig. 4.12: Measured and simulated diversity gain from correlation for cross-polarised PIFA 
From Figs. 4.11 and 4.12 we see that very high levels of diversity gain are witnessed due to 
the very low correlation levels between both feeds on each respective antenna. The (average) 
difference in diversity gain between the cdf deduced and the correlation deduced results for 
the co-polarised design is 0.76 dB, while for the cross-polarised design the difference is 
0.103 dB. This proves that from either method (cdf or correlation deduced), the results are 
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generally comparable to one another. Further, the results from the correlation analysis 
substantiate the accuracy in the cdf measurement results, proving its appropriateness and 
correctness. To conclude this sub-section, it is proved therefore that small antennas with 
closely spaced feeds that cannot employ spatial diversity can perform successfully in a 
MIMO operational role. 
 
4.6 Channel Capacity 
The channel capacity is a measure of how many bits per second can be transmitted through a 
radio channel per Hz - a quantity which can also be referred to as the spectral efficiency [1]. 
By the use of the same normalised channel samples from the diversity gain measurement 
(Eq. 4.3), and assuming that the receiver has perfect channel state information, the channel 
capacity can be deduced from the measured channel matrices by [18]: 
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where: I = identity matrix, TXN = number of transmitting antennas = 1, and  T signifies the 
complex conjugate transpose. The average notation in (4.18) is required because the channel 
capacity and signal to noise ratio (SNR) are subject to fading with time in the RC. Hence, the 
capacity needs to be averaged over the statistical distribution in the channel [17]. 
Fig. 4.13 details the measured 1 x 2 (SIMO) channel capacity for the co-polarised and cross-
polarised designs. In Fig. 4.13, the measured result is compared against a maximum 
theoretical capacity that assumes that the two receive ports are completely uncorrelated. The 
maximum theoretical capacity for a parallel 1 x 2 (SIMO) channel can be calculated from 
[17]: 
 
2_11_1221 1log RXTXRXTX SNRSNRC                              (4.19) 
From Fig. 4.13 it can be seen that the two designs yield a high level of capacity owing to the 
low correlation levels. The cross-polarised design is seen to exhibit slightly higher levels of 
capacity - this can be attributed to the slightly reduced correlation levels between the two 
antenna ports as proved in Figs. 4.9 and 4.10.   
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Fig. 4.13: Measured and theoretical channel capacity as a function of SNR 
In [18], a discussion was presented concerning the accuracy of the channel capacity model in 
(4.18) - referred to as the „full correlation model‟ against an alternative channel format 
referred to as the „Kronecker model‟. The difference between the two formats is in the 
construction of the channel matrix - the Kronecker model relies on the use of a covariance 
matrix format which differs slightly from the adopted procedures used throughout this thesis. 
In [18] it was shown that the models predicted the same capacity level; however, when using 
a small RC, the capacity could be overestimated using both models at high SNR‟s and for 
more than three receive elements.  
It was concluded that the subsequent reason for the overestimation was that the measured 
channel samples did not satisfy Multivariate Normality (MVN) - i.e. the measured channel 
samples were not jointly normally distributed, contravening the single antenna normal 
statistical model as discussed back in chapter 2. 
In appendix A2, the normality of the two receive channels is put to the test to provide 
confidence in the estimation of the channel capacity for both designs in Fig. 4.13.  
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4.7 Embedded Element Efficiency 
The embedded element efficiency - that is, the efficiency of the MIMO antenna when one 
port is excited and the unused ports are terminated in impedance matched loads, can be 
expressed and treated simply by the use of S-Parameters.  
The quantities derived here are based upon the total embedded radiation efficiency - i.e. 
mismatch factors due to imperfect impedance matching are included. It is stated in [17] that 
if the diversity antenna is constructed from materials with small ohmic losses, then the major 
contributions towards the total radiation efficiency are from the reflections on the excited 
port and the absorption of power in the impedance matched terminations.  
The difference between the power that is accepted by the excited port  ACCP and the 
absorption in the impedance matched ports equates to the total radiated power  RADP . From 
[17], which assumed the use of a two port network model, the power dissipated on the 
impedance matched port (assumed as port 2) can be expressed as:  
2
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The power accepted by the excitation port (assumed as port 1) can be stated as [17]: 
2
111 SMISMATCH                                                 (4.21) 
Thus the total embedded element efficiency is expressed as [17]: 
2
12
2
11_ 1 SSMISMATCHABSEMBEDTOT                            (4.22) 
From (4.22), using the assumption that the ohmic losses in the construction materials are 
small and excitation port is well impedance matched, the dominant contribution towards the 
efficiency is from the mutual coupling between the antenna ports. That is, the higher the 
mutual coupling, the more power will be dissipated in the loads of the other antenna ports 
and the lower the resultant efficiency will be. It is also stated from [17] that the mutual 
coupling term represents a fundamental limitation in conventional antenna arrays - that is if 
the inter-element spacing is small (typically < 0.5 wavelengths), the mutual coupling can 
offer a severe reduction in efficiency [21].   
M u l t i p o r t  &  A r r a y  A n t e n n a s           P a g e  | 133 
 
An additional efficiency factor should be present in (4.22) if the ohmic losses are to be 
considered. In the results to follow, the assumption that the ohmic losses are small has been 
applied. It is felt that this is a reasonable assumption to make in this case, since the antennas 
are constructed from high quality copper having a large material conductivity 
(
7107.5  S/m at 2.45 GHz). Figs. 4.14 and 4.15 detail the measured and simulated S-
parameters for the co-polarised and cross-polarised design respectively, while Figs. 4.16 and 
4.17 detail the measured and simulated embedded element efficiencies.  
All measured parameters herewith were acquired in an anechoic chamber - the same 
justification presented in section 3.2 on page 64 applies. All unused ports in the 
measurements have been terminated in impedance matched loads (50 ohms in this case). 
 
Fig. 4.14(a): Simulated S-Parameters for co-polarised PIFA 
From the measured S-Parameters (Fig. 4.14 b) for the co-polarised design it can be seen that 
the antenna is reasonably well isolated (S21 ≈ -10 dB) at the desired centre frequency. As 
we have already seen, this is sufficient for the measured correlation between both feed ports 
to be acceptably low. Both antenna ports are also seen to be well impedance matched at the 
desired centre frequency, meaning that the proportion of power lost due to impedance 
mismatch about the centre frequency should be relatively small.   
 
M u l t i p o r t  &  A r r a y  A n t e n n a s           P a g e  | 134 
 
 
(b) 
Fig. 4.14(b): Measured S-Parameters for co-polarised PIFA 
 
Fig. 4.15(a): Simulated S-Parameters for cross-polarised PIFA 
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Fig. 4.15(b): Measured S-Parameters for cross-polarised PIFA 
From the measured S-Parameters (Fig. 4.15 b) for the cross-polarised design it can be seen 
that the antenna is slightly better isolated (S21 ≈ -12.5 dB) at the desired centre frequency 
than the co-polarised design (Fig. 4.14 b). Measured data for port 1 is seen to be slightly 
offset from the centre frequency which can be attributed to slight differences in dimensions 
between the simulated and manufactured design - this is because the practical cross polarised 
design was manufactured in three separate pieces and the placement of the orthogonal feed 
was not exact enough. Nevertheless, at the centre frequency it is still well impedance 
matched. On the whole, both designs are more than acceptable for operation. 
The measured and simulated total embedded element efficiency (including matching losses) 
for the co-polarised design can be viewed in Fig. 4.16. Please note that the graph has been 
constrained about the centre frequency to more clearly depict the measurement and 
simulation comparison at the antennas desired working range. 
From Fig. 4.16 it can be seen that the co-polarised antenna yields a high level of efficiency - 
the measured levels at the peak are at 91%.  The agreement with the simulated assessment is 
very good at the peak values - away from the peak value; the simulated assessment for port 1 
is much higher than the measured data over the first 200 MHz. This is due to the greater 
impedance matching in this range from the simulated design. Conversely, the simulated 
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assessment for port 2 is a lot lower than the measured data owing to the worse impedance 
match in this range.    
 
Fig. 4.16: Measured and simulated total embedded element efficiency for co-polarised PIFA 
 
Fig. 4.17: Measured and simulated total embedded element efficiency for cross-polarised PIFA 
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From Fig. 4.17 it can be seen that the cross-polarised antenna also yields a high level of 
efficiency - the measured levels at the peak for branch 1 is 90%, and 96% for branch 2.  The 
agreement with the simulated assessment is very good around the centre frequency - away 
from this the simulated assessment for port 1 is much lower than the measured data over the 
first 100 MHz. This is due to the greater impedance matching in this range from the 
measured design. Conversely, the simulated assessment for port 2 is a lot higher than the 
measured data owing to the better impedance match in this range; on the whole though the 
agreement is reasonable. To improve this agreement the manufacturing strategy needs to be 
more precise than what was originally conducted.    
 
4.8 Summary of Dual Feed PIFA 
In in-depth conclusion will be presented at the end of this chapter but it is felt prudent to 
briefly summarise thus far. Two new and novel single element dual feed PIFAs have been 
disclosed and their MIMO performance fully characterised practically. The antennas, despite 
having two very closely spaced feeds (designed compact in size), are seen to suffer from no 
detrimental performance effects - thus it can be concluded that the etching isolation 
technique is very successful in this case. 
Also, through the provision of pattern diversity (co-polarised design) and pattern and 
polarisation diversity (cross-polarised design), the designs allow for substantially different 
channels to be formed on the one device. This fact is proved and validated by high levels of 
measured diversity gain - from both cdf and correlation. The measured correlation 
assessment also serves to underline the isolated nature of the two feeds on the single device. 
The channel capacity and total embedded element efficiency is also practically measured 
proving that the designs provide a near maximum level of spectral efficiency and suffer from 
minimal losses (considered about the centre frequency, inclusive of mismatch power losses).   
The compact nature and size of the designs coupled with the excellent practically validated 
performance mean that the antennas are strong candidates to be employed within a handset 
or other mobile device.  
With regards to the measurements, it has been proved that a high level of accuracy exists, 
which justifies and validates the parameter selections made, the measurement procedures and 
all the processing involved. As a means of a multipath emulator, the RC is proved here to be 
an ideal tool for the characterisation of MIMO performance. 
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4.9 Definitions: Conventional Array Antenna 
As previously stated, for multiport arrays that are not designed for MIMO applications, a 
distinction should perhaps be created, as in their practical operation they are typically used in 
an “all excited” manner - that is, we are not necessarily interested in separate „embedded‟ 
channels. The rest of this chapter is devoted to the efficiency characterisation of larger sized 
(conventional) antenna arrays designed for radio astronomy applications. 
In this chapter, a new equation is developed to characterise the efficiency performance of 
conventional arrays, taking into account the realistic “all excited” nature of the arrays‟ 
practical operation. This sub-section is concerned with an introduction of the antenna array 
under test. Again, this work results from a collaboration between two parties; the antenna 
array (denoted the Octagonal Ring Antenna or ORA for short), was developed by A. K. 
Brown and Y. Zhang at the University of Manchester [22]. Therefore, in this sub-section it 
will only be briefly described. 
The antenna under test in this study is a five-element compact dual polarised aperture array 
prototype based on an octagonal ring configuration as proposed in [22]. The basic design 
premise of the array has been formed from the conceptual theory of current sheet arrays 
(CSA) introduced by Wheeler [23]. Thus, the design aims to make use of, instead of 
reducing the mutual coupling between the array elements. The reason why the coupling is 
required in the design strategy is because in order to keep the radiation pattern side lobes 
under control, the array must be operated in a region where the electrical separation between 
elements is small; hence the mutual coupling is high. This also necessitates why the array 
must be used in an „all-excited‟ manner.   
The spacing between successive elements in the prototype is configured in a triangulated 
manner with the horizontal distances set at 112 mm between each consecutive feed and 
vertical feedlines of 55 mm in length.  Each antenna element includes an integrated stripline 
transition which was known to introduce some loss. However due to its integrated nature this 
was treated as part of the antenna.  
The desired operational frequencies of the prototype are from 400 MHz to 1400 MHz in 
which the aforementioned coupling effects are used to obtain a good level of impedance 
matching throughout the entire range. The overall dimensions of the array are width = 540 
mm, height = 215 mm and the depth of the array from the front to the metallic ground at the 
back is 105 mm.  
M u l t i p o r t  &  A r r a y  A n t e n n a s           P a g e  | 139 
 
The front and side view of the array prototype can be viewed in Figs. 4.18 (a) and (b) 
respectively. 
 
Fig. 4.18 (a): Front view of five element ORA prototype 
 
Fig. 4.18 (b): Side view of five element ORA prototype 
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4.10   Measurement Parameters 
The measurement parameters and procedures will be split into two sections; one to detail the 
all-excited efficiency measurements in the RC, the other details the power loss deduction of 
the power dividers that were employed for this study.  
 
4.10.1    RC ‘All-Excited’ Measurement Parameters 
The stirring sequences were configured to encompass 1˚ mechanical stirring intervals and 
polarisation stirring. A total of 718 measurement samples thus existed per frequency point. 
The measured frequency ranges in this instance were selected from 400 MHz to 1000 MHz 
owing to the upper frequency limit of the power divider employed.  A total of 801 frequency 
data points was utilised to ensure a sufficiently large number of modes would be excited in 
the chamber throughout the measurement range. As consistent with standard efficiency 
measurement procedures in the RC, a reference measurement first took place for calibration 
purposes; a log periodic antenna (Rohde & Schwarz HL223) was used having known 
performance values (> 90%).  The transmitting antenna was a homemade Vivaldi antenna 
working from 400 MHz to 2 GHz. The set-up used in the all-excited array measurement is 
depicted in Figs. 4.19 (a) and (b). 
  
    (a)       (b) 
Fig. 4.19: Measurement set-up: (a) Array mounting and (b) power divider connections  
M u l t i p o r t  &  A r r a y  A n t e n n a s           P a g e  | 141 
 
4.10.2    Power Divider Measurement Procedures 
For the determination of the power divider loss values, an open air test site was selected. An 
8:1 power divider (Mini Circuits model no. ZC8PD1-10-S+) with a voltage standing wave 
ratio (VSWR) < 1.21 from 300 MHz to 1 GHz was employed in this study. The power 
divider had rigid coaxial cables connected from the output ports of which five in total were 
used to connect to the array feeds with equal weights. This left three ports on the power 
divider obviously unused; hence throughout all measured sequences these ports were 
terminated in impedance matched loads (50 ohm in this case). Fig. 4.20 depicts the 
measurement set-up to determine the power divider loss. 
 
                                                                                   Fig. 4.20: Power divider measurement  
To deduce the loss of the power divider accurately, the same impedance matched loads on 
the unused ports needed to remain in place during the loss deduction measurement to ensure 
the power dissipated by the divider would be consistent. 
To determine the power loss, S-Parameters were employed in conjunction with a VNA. All 
outputs bar one were terminated in impedance matched loads and the transmission 
coefficient 21S  was measured between the common input and one output as a function of 
frequency. This gave rise to five separate transmission coefficient measurements; one for 
each output port, and a total insertion loss  ILT was defined according to (4.23). 
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where: 
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1,  , for m = 2, 3, 4, 5, 6 respectively. 
 
4.11   Deduction of New Equation 
As previously stated, the presence of the power divider will present a power loss that is 
external to the physical array under test. In this section, the direct de-embedding technique is 
developed that is used in this study to account for the loss and calculate the array‟s efficiency 
in one. 
In standard single port efficiency measurements (Eq. 3.1), assuming that the transmitting 
antenna (excited from port 1 in this case) is well impedance matched, the power transfer 
function for the reference and antenna under test at the receiving side can be determined by 
the well known power ratio  P in (4.24). 
  222
2
21
1 S
S
P

                                                        (4.24) 
where: the reflection coefficient parameter in (4.24) is assumed to be measured in an 
anechoic chamber, = average of the scattering parameters and the term   2221 S  is 
applied to effectively normalise the averaged power transmission coefficient by a factor of 
what power is reflected from the terminal due to impedance mismatch. 
Clearly, the inclusion of the power divider will offer a further power loss in addition to 
(4.24) before the cable on the receiving side (Fig. 4.19 (b)). Therefore, a further 
normalisation factor is simply introduced to account for the loss which has nothing to do 
with the array. Hence, when the array is introduced, the normalisation factor in (4.24) 
effectively becomes (4.25). 
    LossPDS  2221                                                  (4.25) 
where:  LossPD  is the linear form of  ILT  from (4.23). The complete unknown radiation 
efficiency for the antenna array  RAD with the power divider then becomes as (4.26) - (4.29) 
using the same adopted terminology. 
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The total radiation efficiency of the array can be calculated from (4.30). 
  2221 ARRAYRADTOTAL S                                        (4.30) 
where: ARRAY and REF stand for the array and reference antennas respectively and REF  
signifies the known reference efficiency. Consistent with the prior investigations in this 
thesis, the reflection coefficient parameters have been acquired in an anechoic chamber 
hence the omission of the ensemble average. Further, the reflection coefficient parameter for 
the antenna array should be acquired in conjunction with the power divider - the mutual 
coupling levels on the antenna will differ from an embedded scenario to the all-excited 
scenario, because the power loss between successive embedded elements will not be the 
same throughout each excitation, owing to the differing distances between the embedded 
element and the single excitation location.  
In this case, the difference in mutual coupling levels meant that in an embedded scenario, the 
mutual coupling levels were much reduced and the array could not be properly impedance 
matched over the entire frequency band (this was confirmed practically). Hence, to obtain 
the desired impedance matching, the coupling levels had to be strong which the all-excited 
scenario provided.   
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4.12   Measurement Results 
In this sub-section the results will be split into two separate sections for the power divider 
loss and the radiation efficiency performance of the array.  
 
4.12.1    Power Divider Measurement Results 
With respect to section 4.10.2, Figs. 4.21 and 4.22 detail the individually measured 
transmission coefficients for the five feeds of the power divider, and the combined total 
insertion loss (Eq. 4.23) in both linear and dB scales respectively. 
 
Fig. 4.21: Power divider transmission coefficients Vs frequency 
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Fig. 4.22: Power divider total insertion loss Vs frequency 
From Fig. 4.22, the linear values depicted are the values used in (Eq. 4.29) to „de-embed‟ the 
power divider and thus deduce the array‟s efficiency. 
 
4.12.2    Antenna Array Measurement Results 
We can now proceed to disclose the antenna array‟s reflection coefficient and efficiency 
performance (Figs. 4.23 and 4.24 respectively). 
From Fig. 4.23 it can be seen that when the antenna is operational in conjunction with the 
power (i.e. an all excited mode of operation) an excellent impedance match is obtained 
across the working frequency band. The designers‟ concept of making use of mutual 
coupling in this regard is seen to be fully validated.  
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Fig. 4.23: Measured reflection coefficient (dB) with power divider 
From Fig. 4.24 the efficiency quantities have been plotted with and without the „de-
embedding‟ performed to re-enforce the necessity of this operation.  
 
Fig. 4.24: Measured array efficiencies with and without de-embedding 
From Fig. 4.24 it can be seen that the effect of not de-embedding the power divider is 
significant. The de-embedding technique developed in this thesis is direct and 
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straightforward to implement, and the passive „all-excited‟ measurement can characterise the 
efficiency of the complete array in a timely manner. 
The trend of the efficiency results, particularly over the first 300 MHz band, suggests that the 
mutual coupling is having a diminishing effect on the magnitude of the efficiency; which, 
since (electrically) the inter-element spacing is increasing for a decreasing wavelength, is in-
line completely with expectations.   
No simulated assessment is provided against the measurement results in Fig. 4.24 with 
respect to the following two points. 
1. The mutual coupling in the simulated assessment, unless it can be specifically 
configured, would be based upon an „embedded element‟ approach; which, as 
previously discussed, would under-estimate the strength of the mutual coupling in 
the antenna array as opposed to the all-excited scenario. The net effect of this would 
be twofold: (a) the impedance matching characteristics will differ (from all-excited 
to embedded scenario), and (b) because the mutual coupling levels can be lower, a 
larger radiation efficiency value can be predicted than what necessarily exists in 
practice. 
 
2. The simulated assessment should also be performed with a large structure in order to 
obtain a reasonable approximation to the coupling levels in the array. 
Computationally speaking, this can be challenging. It has been stated that in this 
case, an existing simulated smaller section of the array is not big enough to obtain an 
accurate representation of the overall coupling, and any subsequent efficiency results 
could be questionable [24]. 
We can proceed therefore to directly assess the uncertainty in the array measurements to 
establish confidence in the derived results. 
 
4.13   Measurement Uncertainty 
The uncertainty models used for RC measurements have already been defined; the Rician K 
factor back in section 2.8, and the standard deviation in section 3.12 (Eqns. 3.3 and 3.4). 
Therefore, to avoid repetition they will not be issued again here. Fig. 4.25 details the Rician 
K factor and standard deviations inherent in the array measurements.   
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Fig. 4.25: All excited array measurement uncertainty 
From Fig. 4.25 it can be seen that the uncertainty inherent in the measured approach is low. 
The Rician K factor proves that no direct proportion of power is evident in the measurement 
scenario and the standard deviations justify that the measurement procedures and parameters 
selected. 
 
4.14   Conclusions 
This chapter has charted a distinction between multiport antennas designed for MIMO 
applications and conventional antenna arrays that are not. For the MIMO applications, two 
new and novel single element dual feed PIFAs have been fully characterised and validated 
practically. These antennas, despite having very closely spaced feeds and not relying on 
spatial diversity techniques, are seen not to suffer from any detrimental performance effects - 
a high level of diversity gain is provided (close to the theoretical maximums, the measured 
correlation between the feeds is very low, a high level of channel capacity (spectral 
efficiency) is evident and about the centre working frequencies, the antennas are highly 
efficient. All measurement results provided have been benchmarked with simulated and/or 
theoretical results with excellent agreements obtained. This fact proves the correctness and 
appropriateness of all procedures and parameters selected for the measurement campaigns. 
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The theoretical strategy and idea for the antennas is thus proved to be successful, and 
because the antennas are small and compact in size, it is believed they can be useful in more 
practical and commercial applications than larger sized designs which rely upon spatial 
diversity.  
For the conventional antenna arrays, a new equation has been developed which allows for 
the technique of de-embedding externally used power dividers and the calculation of the 
arrays‟ efficiency in one. It has been proved that this new developed technique is simple, 
easy to implement and accurate. This technique paves the way for further array 
characterisations in the RC, as the overall measurement techniques here have the potential to 
be faster, simpler and less uncertain than if other measurement facilities were to be 
employed. 
Other than the de-embedding of power dividers connected to antenna arrays, the new 
equation could also find use in other measurements within the RC; for example, single port 
antennas connected to baluns - provided of course the balun loss can be characterised by the 
S-Parameter method as shown. 
 
4.15   References 
[1] K. Rosengren, P. S. Kildal, "Radiation efficiency, correlation, diversity gain and 
capacity of a six-monopole antenna array for a MIMO system: theory, simulation 
and measurement in reverberation chamber," Microwaves, Antennas and 
Propagation, IEE Proceedings, vol. 152, pp. 7-16, 2005. 
[2] P. S. Kildal, K. Rosengren, "Correlation and capacity of MIMO systems and mutual 
coupling, radiation efficiency, and diversity gain of their antennas, Simulations and 
measurements in a reverberation chamber," IEEE Communications Magazine, vol. 
42, pp. 104-112, Dec 2004. 
[3] R. G. Vaughan and J. B. Andersen, "Antenna diversity in mobile communications," 
Vehicular Technology, IEEE Transactions on, vol. 36, pp. 149-172, 1987. 
[4] P. Mattheijssen, M. H. A. J. Herben, G. Dolmans, and L. Leyten, "Antenna-pattern 
diversity versus space diversity for use at handhelds," Vehicular Technology, IEEE 
Transactions on, vol. 53, pp. 1035-1042, 2004. 
[5] H. T. Chattha, Y. Huang, S. J. Boyes, and X. Zhu, "Polarization and Pattern 
Diversity-Based Dual-Feed Planar Inverted-F Antenna," IEEE Transactions on 
Antennas and Propagation, vol. 60, pp. 1532-1539, Mar 2012. 
[6] B. H. Allen, Ultra-wideband : antennas and propagation for communications, radar 
and imaging / edited by Benjamin Hugh Allen ... [et al.]: Chichester : John Wiley & 
Sons, 2007., 2007. 
M u l t i p o r t  &  A r r a y  A n t e n n a s           P a g e  | 150 
 
[7] M. V. Ivashina, M. N. M. Kehn, P. S. Kildal, and R. Maaskant, "Decoupling 
Efficiency of a Wideband Vivaldi Focal Plane Array Feeding a Reflector Antenna," 
IEEE Transactions on Antennas and Propagation, vol. 57, pp. 373-382, Feb 2009. 
[8] H. T. Chattha, "Planar Inverted F Antennas for Wireless Communications," PhD 
Thesis, Dept. Electrical Engineering & Electronics, The University of Liverpool, 
U.K., 2010. 
[9] A. Diallo, C. Luxey, P. Le Thuc, R. Staraj, and G. Kossiavas, "Study and Reduction 
of the Mutual Coupling Between Two Mobile Phone PIFAs Operating in the 
DCS1800 and UMTS Bands," Antennas and Propagation, IEEE Transactions on, 
vol. 54, pp. 3063-3074, 2006. 
[10] A. C. K. Mak, C. R. Rowell, and R. D. Murch, "Isolation Enhancement Between 
Two Closely Packed Antennas," Antennas and Propagation, IEEE Transactions on, 
vol. 56, pp. 3411-3419, 2008. 
[11] C. Shin-Chang, W. Yu-Shin, and C. Shyh-Jong, "A Decoupling Technique for 
Increasing the Port Isolation Between Two Strongly Coupled Antennas," Antennas 
and Propagation, IEEE Transactions on, vol. 56, pp. 3650-3658, 2008. 
[12] A. Diallo, P. Le Thuc, R. Starajf, G. Kossiavas, M. Franzen, P. S. Kildal, 
"Evaluation of the performances of several four-antenna systems in a reverberation 
chamber," In. Proc. EuCap 2007, 2007. 
[13] X. Chen. Y. Gao, C. Parini, Y. Zhinong, , "Study of a dual-element PIFA array for 
MIMO terminals," in Antennas and Propagation Society International Symposium 
2006, IEEE, 2006, pp. 309-312. 
[14] W. Jakes, C, Microwave mobile communications. Wiley-IEEE Press John Wiley & 
Sons, 1974. 
[15] P. S. Kildal, K. Rosengren, J. Byun, and J. Lee, "Definition of effective diversity 
gain and how to measure it in a reverberation chamber," Microwave and Optical 
Technology Letters, vol. 34, pp. 56-59, 2002. 
[16] P. S. Kildal and K. Rosengren, "Electromagnetic analysis of effective and apparent 
diversity gain of two parallel dipoles," Antennas and Wireless Propagation Letters, 
IEEE, vol. 2, pp. 9-13, 2003. 
[17] P. S. Kildal, Foundations of antennas: A unified approach: Studentlitteratur, 2000. 
[18] X. Chen, "Spatial correlation and ergodic capacity of MIMO channel in 
reverberation chamber," International Journal of Antennas and Propagation, vol. 
2012, pp. 1-7, 2012. 
[19] E. Kreyszig, Advanced Engineering Mathematics, 8th ed.: John Wiley & Sons, 1999. 
[20] J. Yang, S. Pivnenko, T. Laitinen, J. Carlsson, and X. Chen, "Measurements of 
diversity gain and radiation efficiency of the Eleven antenna by using different 
measurement techniques," in Antennas and Propagation (EuCAP), 2010 
Proceedings of the Fourth European Conference on, 2010, pp. 1-5. 
[21] P. Hannan, "The element-gain paradox for a phased-array antenna," Antennas and 
Propagation, IEEE Transactions on, vol. 12, pp. 423-433, 1964. 
[22] Y. W. Zhang and A. K. Brown, "Octagonal Ring Antenna for a Compact Dual-
Polarized Aperture Array," IEEE Transactions on Antennas and Propagation, vol. 
59, pp. 3927-3932, Oct 2011. 
M u l t i p o r t  &  A r r a y  A n t e n n a s           P a g e  | 151 
 
[23] H. A. Wheeler, "Simple Relations Derived from a Phased-Array Antenna Made of 
an Infinite Current Sheet," IEEE Transactions on Antennas and Propagation, vol. 
Ap13, pp. 506-&, 1965. 
[24] A. K. Brown, "Novel Broadband Antenna Arrays," ed. LAPC 2012: IET.tv, 2012. 
 
 
I m p r o v e d  M e c h a n i c a l  S t i r r e r  D e s i g n s      P a g e  | 152 
 
Chapter 5: Improved Mechanical Stirrer Designs 
5.1 Introduction 
As we have already established, the field distribution in a „un-empty‟ cavity, outside of the 
source area, is the superposition of all TE and TM excited cavity modes. Theoretically, it has 
also been shown that the fields are formed in the chamber as a result of standing waves that 
have a sine and cosine dependence. Further, we have also established that „Mechanical 
Stirring‟ is one of the key tools that are used in reverberation chambers to render this field 
distribution statistically homogeneous and isotropic on average, and thus make the 
environment suitable for antenna measurements.    
In any given RC, it is widely acknowledged that the chambers‟ performance will improve 
with increasing frequency. The reasons for this: 
1. For an increase in frequency there is an increasing amount of modes - governed 
approximately by Weyl‟s law, giving the amount of modes available proportional to 
the third power of frequency and the chamber volume. 
 
2. Different modes are needed to be excited in order to promote a sufficient change in 
the field distribution. 
In addition to (1) and (2), it can also be argued that the performance in the chamber is also a 
result of the mechanical stirring paddles or plates being electrically large enough to interact 
with and adequately „stir‟ the modes (that is, the paddles can change the boundary conditions 
sufficiently such that it causes the resonant frequencies of the modes to shift). 
Conversely, towards lower frequencies in a given chamber, fewer modes exist - in terms of 
the frequency domain spectrum, the individual mode resonant frequencies are spaced further 
apart making it more difficult to excite and stir different modes. We can also argue again that 
at larger wavelengths, the electrical size of the paddles becomes smaller thus diminishing 
their ability to adequately interact with and stir the modes. 
In terms of the frequency domain spectrum, Fig. 5.1 illustrates the modal deficiencies at 
lower frequencies in the University of Liverpool RC. Each vertical line represents a mode. 
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Fig. 5.1: Modal density in low and high frequency domain 
As Fig. 5.1 shows, towards lower frequencies it will become more difficult to excite different 
modes and promote a sufficient change in the field distribution. The blue curve from Fig. 5.1 
serves to illustrate the „average mode bandwidth‟ which is defined as: „The bandwidth over 
which the excited power in a particular cavity mode with resonance frequency fO is larger 
than half the excited power at fO’. Despite the narrow width it potentially proves that many 
modes can still be excited at high frequencies. 
Upon accepting the prior rationale, the question therefore is: What can one do about this at 
lower frequency? 
In terms of the modal structure, one could be tempted to severely load the chamber to 
broaden the average mode bandwidth. This would indeed serve to excite more modes; 
however, having too large an average mode bandwidth will mean that the mechanical stirring 
process will struggle to sufficiently change the modal structure enough to excite different 
modes about the large modal bandwidth. The consequence of this is that the field 
distributions would not sufficiently change and a large standard deviation in any 
measurements would ensue. In addition, by loading the chamber with large amounts of 
anechoic absorber (for example), this would dampen the angle of arrival of plane waves from 
given directions resulting in an increase in the proportion of direct power in the chamber 
(increased Rician K factor). Neither of these consequences is desirable. 
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One option could be to just simply increase the size of the chamber such that at a desired 
frequency of operation there are plenty of available modes. This is true, but the chamber 
would always face the same problem as the frequency went lower.   
In terms of the mechanical stirring paddles themselves, researchers have looked into the 
issue of design. As previously stated, the stirrer should be electrically large at the operating 
frequency [1]. Furthermore, since very large stirrer designs are liable to occupy precious 
space inside the chamber, two or more stirrers are often used in practice to provide 
equivalent or better performance [2].  
Practically, the effect of the stirrer angle, height and width (aspect ratio) was studied in [3] as 
a function of chamber Q factor, field uniformity, number of excited modes and stirrer 
efficiency (number of independent samples). It was concluded that multiple stirrers 
performed best, and a 90 degree plate angle coupled with a minimum 80 cm height in-
conjunction with the use of 1  reflectors were offered as optimised dimensions in that case. 
Wellander, Lunden and Backstrom undertook an experimental and mathematical modelling 
investigation in [4]. It was concluded here that the efficiency in which the stirrer operates 
can be greatly improved by increasing its diameter. However, increasing a stirrer‟s physical 
diameter will result in that stirrer occupying more area inside the chamber, and consequently 
the working volume in the chamber will be decreased. This is not desired so as an 
alternative, it was stated that the stirrers could be re-designed by varying the aspect ratios to 
occupy less volume [4]. 
Arnaut presented a mathematical formulation in [5] based upon the effect of size, orientation 
and eccentricity of mode stirrers. It was found that for a sufficiently large radius of rotation 
(sufficiently large diameter); the eccentricity of a stirrers design had a greater effect on the 
stirrers‟ performance than the effect of the aspect ratio or relative orientation. This 
conclusion agreed with Clegg‟s earlier research in [6] who proposed a randomised plate 
stirrer based upon the work of a genetic algorithm in conjunction with a transmission line 
matrix (TLM) software; with the TLM approach also proposed in [7].   
Reviewing the aforementioned published works, the one common aspect that they all have in 
common (excluding [1] and [2]) is that the stirrer designs have all been founded upon the use 
of solid metallic plates - i.e. the physical design of the paddles has been overlooked. This 
formulates the gap in knowledge where this new research is issued to address and improve 
upon.  
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The motivation in this thesis is to improve performance in the chamber down towards lower 
modal densities (in a broadband manner) where the performance is degraded, by the 
validation of new paddle designs.   
The organisation of this chapter is as follows: 
Section 5.2 will discuss the design methodology and explain the theoretical principles about 
what is specifically proposed in this research. Section 5.3 details the complete numerical 
analysis used in this study to formulate a new and novel design. Section 5.4 presents 
comments concerning the practical validation on the chambers‟ performance and section 5.5 
and 5.6 detail all practical measurements undertaken to validate the new designs in this 
study. A conclusion is present in section 5.7 to review all findings. 
 
 5.2 Design Methodology 
With regards to the paddle structure, the design methodology proposes the creation of 
various cuts across the paddle structure as opposed to leaving the paddles as solid metallic 
sheets. Fig. 5.2 (a) and (b) illustrates this concept. 
 
    (a)                 (b) 
Fig. 5.2: Stirrer design concepts: (a) Standard (solid) paddles and (b) cuts made on paddle 
structure 
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With reference to Figs. 5.2 (a) and (b), the question now is: What theory would support such 
a modification? 
The theory supporting such a modification is based on the concept of meanderline theory. As 
established in the introduction section (5.1), it is accepted that increasing the diameter of a 
stirrer will improve the stirrers‟ performance at lower frequencies. From the meanderline 
theory, it is well known that this technique can enable the lowering of the resonant capability 
of an antenna structure without increasing its overall physical size [8].  
Therefore, in this case, the paddle structure is to be treated in a similar manner as an antenna 
(i.e. a frequency selective surface). The meanderline principle has been adopted as a means 
of increasing the electrical size of the structure while leaving the physical dimensions of the 
paddle the same. Hence, the cuts on the paddle are designed to increase the current path 
length on the plates, with the current being induced whenever a plane wave comes into 
contact.  
The induced current is stated to be at maximum when the stirrer is resonant [7]; this is why 
the resonant capability of the paddle is aimed to be driven lower. With a longer current path 
length, the stirrer can be resonant at lower frequencies. If the stirrer has lower resonant 
capabilities, it has the potential to interact with and „stir‟ modes at lower frequencies where 
standard paddles will not perform that well. 
Another motivation with regards to the design concerns the statement of eccentricity in [5]. 
The eccentricity is formed in this case as a result of all the varying cuts on the paddle with 
different sizes. Hence as this structure rotates, the various cuts and shapes will provide for an 
extreme eccentric volume of rotation which is aimed at improving performance.  
More questions are probably prevalent now:  
1. How has such a design come about? 
2. What evidence exists to suggest this approach works and is better performing? 
These two points will be conclusively addressed in section 5.3. Beforehand, a few comments 
on the numerical method of analysis are warranted. 
The design methodology has been performed using an Eigenanalysis in conjunction with a 
given physical stirrer design. Since it is well known (and has been proved in this thesis) that 
the field distribution in a given cavity can be written in terms of cavity modes [9], and a shift 
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in the resonant frequency of a mode implies a change in the field distribution [7], then the 
following can be applied.   
The proposed Eigenanalysis technique in this thesis is based upon the use of a spherical 
cavity. It is accepted that spherical cavities do not necessarily make good reverberation 
chambers owing to the presence of multiple degenerate modes, but the spherical cavity 
approach does has advantages in this case: 
 It can save time and computational resources as the stirrer paddles do not need to be 
rotated because the cavity is entirely symmetrical.  
 Rectangular cavities would require the paddles to be rotated and any results obtained 
would be a function of the number of stirrer increments. 
 All designs in this thesis are assessed under the same conditions. 
Therefore, one should: 
1. Obtain the eigenfrequencies in a empty cavity  emptyf   
2. Introduce each subsequent design into the cavity and calculate how the modes are 
permuted  loadedf . 
3. Calculate the eigenfrequency shifts  f  according to (5.1). 
loadedempty fff                                                  (5.1) 
Simply, the design that permutes the eigenfrequencies by the greatest amount is the optimum 
choice. This is consistent with [7] who postulated that the key mechanism behind an 
effective stirrer lies in its ability to shift the eigenfrequencies. 
 
5.3 Numerical Analysis 
The numerical analysis has been performed using CST Microwave studio.  Fig. 5.3 serves to 
illustrate the typical set-up in the software. 
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Fig. 5.3: Numerical set-up showing standard paddles 
From Fig. 5.3, the internal volume of the cavity has been chosen as 2.144 m
3
. This selection 
was made as a trade-off between the total number of modes available in the cavity and the 
overall computational time and resources that are required in order to yield a solution. Three 
plates are seen to be co-joined about the centre of the spherical cavity - this has been 
configured to be as close to the physical reality as possible (see set-up in Fig. 5.2). The 
dimensions of the numerical plates have been configured as width (a) = 0.4 m and (b) height 
= 0.35 m. The reason for this selection is because the aspect ratio (b/a)
 
= 0.875 is equal to the 
aspect ratio of one of the paddle sets in the real physical chamber. Hence, the numerical set-
up is again based as much as possible on physical reality. The simulated cavity is constructed 
from aluminium 1 cm thick and the material filling the cavity is air (free space). The 
boundary conditions selected for the numerical investigation was selected as E = 0; that is, 
the field converges to zero at the cavity walls. The reason for this selection is that this is the 
typical boundary condition that is implied in the real physical chamber. 
The numerical investigation used the AKS (Advanced Krylov Subspace) technique available 
in CST Microwave Studio. The reason for this selection is that only a certain amount of 
lower order modes were desired in the investigation to chart how the eigenmodes are 
permuted at lower modal densities. It is known that the AKS method in CST Microwave 
Studio uses a special polynomial filter to suppress the higher order modes; in practice this 
meant that a number of modal solutions could potentially be inaccurate towards the cut-off 
point of this filter. It was empirically determined therefore that although only 200 modes 
were desired in this investigation, 250 modes were selected to be calculated and 50 of those 
modal solutions were effectively discarded in order to avoid this inaccuracy.   
The convergence accuracy of the modal solutions was configured to be accurate to
610 . The 
reason for this selection was simply to allow for an accurate enough solution within a time 
frame that potentially was not obtrusive. The meshing was selected as a „hexahedral‟ type 
a 
b 
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and the automatic PBA (Perfect Boundary Approximation) was selected to allow for a good 
approximation of the structure within the mesh.  
In terms of the total lengths of the meanderline cuts, it is proposed here to make this length 
proportional to the wavelength of where the first three overlapping modes occur. In the 
simulation, this corresponds to 0.986 m = 304 MHz; when scaled up to the real physical 
design this translates to 2.6 m = 115 MHz - i.e. significantly larger than the original paddle 
dimensions (width = 1 m and heights = 0.58 m to 0.9 m) in order to lower the resonant 
capability.   
The reason for this selection is as follows: 
1. The wavelength selected for the real physical design corresponds to a frequency 
where at least one mode per MHz (mode density) exists. A lower frequency was not 
chosen because the modal structure would simply be too sparse.  
 
2. The length of the cuts at this range provided a degree of flexibility with regards to 
how the cuts could be structured. Longer length cuts would inhibit this flexibility 
somewhat.  
 
3. A higher frequency wasn‟t selected as the bound on the resonant capability of the 
paddle structure was envisaged to be pushed to the maximum that could possibly be 
achieved. 
 
5.3.1    Effect of the Number of Cuts 
As previous, the overall question guiding the investigation is what is the optimum design? 
As a first step, the total number of cuts on the paddle is numerically investigated. Table VIII 
details the parameters used in this investigation. 
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 Table VIII: Parameters for investigation on number of cuts 
Parameter Description 
Simulation set-up Rectangular cuts 
90 degree plate angle 
Cuts all periodic in nature 
Paddles all the same dimension 
 
Fig. 5.4 (a) and (b) provides a visual representation of the numerical models in this 
investigation and Fig. 5.5 details the numerical eigenshifts result. 
     
(a)                       (b) 
Fig. 5.4: Numerical Investigation on Number of Cuts: (a) 2 Cuts and (b) 6 Cuts 
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Fig. 5.5: Eigenfrequency Shifts (MHz) Vs Number of Cuts 
From Fig. 5.5 it can be seen that in this case, a lower number of cuts performs better than a 
larger number. Computationally speaking, this result was also advantageous as it took fewer 
resources to yield a solution for a lower number of cuts. Although there are areas where the 
eigenfrequencies of the modes are significantly shifted from their original (empty cavity) 
resonant frequencies, there are also areas where little or no eigenfrequency shifts are present. 
In practice, a broadband response would be advantageous instead of isolated frequencies. 
 
5.3.2    Effect of the Periodicity of the Cuts 
As a second step, the effect of periodicity of the cuts is investigated; that is, should the cuts 
be periodic or non-periodic in nature? The length, width and non symmetrical design are 
looked at here. What this investigation is trying to establish is the effect of the frequency 
response with respect to the nature of the designs. Each specific dimension of cut is 
considered to be a half wavelength multiple of the frequency (see Table IX) in which to 
enhance. Table IX details the investigation parameters. 
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Table IX: Parameters for periodicity investigation 
Parameter Description 
Simulation set-up Rectangular cuts 
90 degree plate angle 
Varied length of cuts only 
3 x ( /2) cuts chosen:  
1) 0.37 m = 405 MHz 
2) 0.24 m = 625 MHz 
3) 0.177 m = 847.46 MHz  
Paddles all the same dimension 
Mirror image design 
 
Fig. 5.6 details the numerical set-up for this investigation and Fig. 5.7 depicts the 
eigenfrequency shift results. 
 
Fig. 5.6: Non-periodic investigation 1, varying just length of cuts 
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Fig. 5.7: Eigenfrequency Shifts (MHz) varying just length of cuts Vs number of modes 
From Fig. 5.7 it can be seen that specific enhancements are provided with the varying 
lengths of cuts as opposed to having all the cuts made periodically. However, the design is 
still not sufficient as there is not a desired broadband response. 
For the next step, both the length and width of the cut was varied to assess the overall 
response. Table IX again details the main parameters, although the dimensional size of the 
cuts was varied slightly to reflect the changing circumstances. 3 x ( /2) cuts chosen:           
(1) 0.39m = 384 MHz, (2) 0.26 m = 576.92 MHz and (3) 0.177 m = 750 MHz  
 Fig. 5.8 portrays the numerical set-up while the eigenfrequency shift results can be seen in 
Fig. 5.9. 
 
Fig. 5.8: Non-periodic investigation 2, varying both length and width of cuts 
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Fig. 5.9: Eigenfrequency Shifts (MHz) varying both length and width of cuts Vs number of 
modes 
From Fig. 5.9, the response is seen to be receptive to the changing lengths and widths of the 
cuts to a certain extent; however, the design is still not broadband, and performance here is 
not satisfactory. 
As a fourth step, the design was also varied such that the top and bottom of the plate sections 
were not a mirror image. The same parameters as in Fig. 5.8 were applied. The results 
showed a marginal difference to those depicted in Fig. 5.9, so for brevity they will be 
omitted here. In practice however, it is desired not to have rotational symmetry [5]. 
Therefore, retaining the varying length, width and non-mirrored design strategy, the shape of 
the cuts was investigated next.  
 
5.3.3    Effect of the Shape of the Cuts 
Three different meanderline shapes are to be compared in this section; the rectangular shape 
which has already been disclosed, a triangular meanderline and a normal mode helical shape. 
This investigation begins by considering a triangular meanderline structure. Table X details 
the numerical parameters. 
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Table X: Parameters for effect of cut shape investigation 1 
Parameter Description 
Simulation set-up Triangular cuts 
90 degree plate angle 
Varied length of cuts  
Cut angles periodic (40 degrees) 
3 x ( /2) cuts chosen:  
1) 0.3236 m = 463.5 MHz 
2) 0.206 m = 728.15 MHz 
3) 0.08 m = 1875 MHz  
Paddles all the same dimension 
Design not mirror image 
 
Fig. 5.10 details the numerical model, while the eigenfrequency shifts can be viewed in Fig. 
5.11. 
 
Fig. 5.10: Effect of cut shape investigation 1; Triangular meanderline 
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Fig. 5.11: Eigenfrequency Shifts (MHz) for rectangular and triangular meanderline shapes Vs 
number of modes 
From Fig. 5.11 it can be seen that the rectangular meanderline exhibits a lower resonant 
capability and a better frequency response. The effect of varying the triangular cut angles 
was also investigated and was found to offer no significant improvement to the results seen 
in Fig. 5.11. 
So far, the investigation has determined that the rectangular meanderline has a lower 
resonant capability than the triangular meanderline - a fact also validated in [8] for wire 
monopole antennas, and that the overall frequency response can be improved for varying 
lengths and widths of cuts. The results seen so far however are still problematic in the sense 
that the improvements are only narrowband in nature; a broadband response is desired. 
Furthermore, from a manufacturing perspective, the rectangular (straight edge) cuts would be 
an easier proposition to create than varying angles and lengths of triangular cuts. Therefore, 
the decision was taken not to pursue the triangular meanderline theme further.   
The next investigation looked at a normal mode helical design to assess the performance of 
such a meanderline shape. Table XI details the numerical parameters. 
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Table XI: Parameters for effect of cut shape investigation 2 
Parameter Description 
Simulation set-up Normal mode helix cut 
90 degree plate angle 
Same length of cuts: Period = 0.2465 m       
= 608 MHz  
Paddles all the same dimension 
Design not mirror image 
 
Fig. 5.12 details the numerical set-up while the eigenfrequency shift results can be viewed in 
Fig. 5.13. 
 
Fig. 5.12: Effect of cut shape investigation 2; Helical meanderline 
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Fig. 5.13: Eigenfrequency Shifts (MHz) for rectangular and helical meanderline shapes Vs 
number of modes 
From Fig. 5.13 it is shown that the helix type structure has greatly enhanced the resonant 
capabilities at lower modal numbers - in this range it is by far superior to the rectangular 
meanderline shaped cuts. However, the design is not broadband as the periodicity of the cuts 
is the same. To make the structure broadband, it is envisaged having many different  /2 
sized individual cuts on the paddle structure, such that in a given range, there is a cut 
comparable or nearly comparable in size in order for the paddle to interact with a plane wave 
efficiently. Please see Appendix A3 for evidence to support this statement.  
With the helix shaped cuts, the flexibility of this design strategy was questioned; meaning 
that given the shape of the design, it was envisaged that difficulties would result in trying to 
fit many different sized cuts onto one paddle structure. Furthermore, the shape would be 
more complex to manufacture than straight edge cuts. 
Therefore, although the helix shape structure showed a degree of promise, the decision was 
taken to drop the helix meanderline for the aforementioned reasons. Furthermore, 
complicated Koch fractal type shapes were also disregarded due to their complex nature of 
design and difficulties envisaged in manufacture. 
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5.3.4    Complex Nature of the Cuts 
With the decision taken not to pursue the triangular and helical meanderline shaped 
structures any further, the rectangular meanderline came back into thought. 
Since the design strategy looks to having many different  /2 sized cuts on the paddle to offer 
a broadband characteristic, the straight edge cuts would offer a degree of flexibility in 
structuring all these different cuts onto one paddle structure.  
This investigation therefore looked into the complex nature of rectangular meanderline cuts 
on the paddle structure; specifically, should the cuts be made in both a vertical and 
horizontal plane? The guiding theory supporting this move is as follows: 
1. As previously stated, the more cuts available on the paddle is envisaged to offer a 
broadband characteristic - the vertical plane would be needed to fit all these cuts on 
the paddle. 
 
2. Although the existing chamber has two principle sets of mechanical stirring paddles 
for vertical and horizontally polarised waves, when the chamber is employed for 
measurements, the transmitting antenna is typically directed straight at the vertically 
mounted stirrer paddles as seen in Fig. 5.14. 
 
Fig. 5.14: Transmitting antenna location 
As discussed and detailed throughout this thesis, polarisation stirring is always employed 
which directs the transmitting antenna in two orthogonal orientations directly at these 
paddles in the manner shown above. Therefore, cuts in both a vertical and horizontal plane 
on the paddle structure could theoretically serve both of these transmitting polarisations. 
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With respect to the theoretical rationale in section 5.3.4, Table XII details the numerical 
parameters for this investigation. 
Table XII: Parameters for the complex nature of cuts 
Parameter Description 
Simulation set-up Rectangular meanderline design 
90 degree plate angle 
10 x  /2 cuts all different dimensions 
Paddles all the same dimension 
Design not mirror image 
Completely non-periodic 
 
Figs. 5.15 and 5.16 depict the complex numerical model. 
 
                       Fig. 5.15: Complex nature of cuts 
 
         Fig. 5.16: Close-up of complex nature of cuts 
3 Cuts: 0.406 m, 0.3348 m and 0.091 m 
4 Cuts: 0.421 m, 0.136 m, 
0.102 m and 0.057 m 
3 Cuts: 0.382 m, 0.242 m 
and 0.18 m 
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With respect to Fig. 5.16, the selections in the dimensions of cuts have been specifically 
made to provide a resonant capability in the rectangular designs where before there wasn‟t 
any. The selections are made simply to span a varying range of wavelengths, and the nature 
of how the cuts are orientated was made simply to be able to fit all cuts onto the metallic 
plate. Fig. 5.17 portrays the numerical results for the complex design as compared with the 
(original) non periodic rectangular meanderline with only 3 varying cuts. 
 
Fig. 5.17: Eigenfrequency Shifts (MHz) for complex and original rectangular meanderline  
From Fig. 5.17, it can be seen that the complex nature of the design coupled with the use of 
varying specific length cuts grossly outperforms the simple natured (original) design. The 
complex design here has a broadband frequency response that is desired. The numerical 
results issued in Fig. 5.17 provided confidence to re-enforce the theory of specific  /2 cuts, 
and provides evidence to assert that highly irregular shaped mechanical stirring paddles can 
perform better in terms of their mode stirring performance.  
Comparing the complex design to standard paddles with no cuts at all as shown in Fig. 5.18, 
we see the enhanced performance of the complex design strategy. 
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Fig. 5.18: Eigenfrequency Shifts (MHz) for complex and standard (no cuts) paddles  
With confidence established in the theoretical idea, can we do even better? 
 
5.3.5    Variation in the Paddle Dimensions 
Briefly referring back to the earlier statement concerning eccentricity and to the rationale 
presented in [5], and also to the effect of having rotational symmetry in [7], it has been 
known for a long time that rotational symmetry within an electrically large design and a 
concentric mode of operation would serve to reduce randomness. Hence, in a reverberation 
chamber, when rotational patterns are repeated, no additional stirring is gained [7]. 
To be theoretically precise, the effect of a stirrers scattering / diffusion performance should 
not be taken in isolation from the details and vicinity of its cavity boundary [5]. Hence, it has 
been stated that a small and simple stirrer inside a highly complex corrugated cavity might 
produce a statistically more uniform field distribution than a large complex stirrer inside a 
cavity with simple smooth walls [5].     
In this case, since the walls of our chamber, and indeed the vast majority of chambers, are 
rectangular and smooth / metallic in nature, the statement concerning the rotational 
symmetry and eccentricity is applied. 
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In this investigation therefore, the dimensions of each of the three numerical paddle sets are 
varied in an attempt to assess the effect of employing no rotational symmetry and an extreme 
eccentric design.  
Two separate investigations are presented: 
1. One of the paddle dimensions retains its original dimensions; the other two paddle 
sets are scaled 1.25 and 1.5 times in height only.  
 
2. One of the paddle dimensions retains its original dimensions; the other two paddle 
sets are scaled 1.5 and 1.75 times in height only.  
 
Table XIII details the selections made in this regard, while Fig. 5.19 depicts the typical 
numerical model. 
Table XIII: Parameters for the variation in paddle dimensions 
Parameter Description 
Simulation set-up Rectangular meanderline design 
90 degree plate angle 
10 x  /2 cuts all different dimensions 
Design not mirror image 
Completely non-periodic 
1 x paddle original size 
1 x paddle scaled 1.25 and 1.5 times in 
height 
1 x paddle scaled 1.5 times and 1.75 times in 
height 
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Fig. 5.19: Complex cuts with differing paddle heights 
Fig. 5.20 displays the numerical result comparing the effect of changing the paddle 
dimensions for the complex design. 
 
Fig. 5.20: Eigenfrequency Shifts (MHz) for complex paddles with different dimensions 
From Fig. 5.20, we see that as the electrical size of the paddles increase, this better serves to 
permute the modes in the cavity. In addition, because each of the paddle sets is different in 
dimension, the cuts made on those paddles are also scaled accordingly - this means that a 
wider broadband nature can be provided for as there are more different sized cuts on the 
entire paddle structure.    
In practice there are dimensional constraints that must be adhered to. When scaling the 
designs up to full size in the real physical chamber, the 1.5 and 1.75 increases in height 
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would be prohibitive as the paddles would catch on the walls of the chamber given the 
proximity of where the paddles are situated. However, the 1.25 and 1.5 increases in height 
can be allowed, so the results here serve to illustrate what will be taken into practice. 
 
5.4 Comments on Practical Validation  
Conventionally, when assessing the performance of a given chamber, one would typically 
refer to the relevant standards [10] and follow the guidelines issued to determine the 
chambers‟ performance by deducing the electromagnetic field uniformity. Typically, the 
standards advocate: 
1. Measuring the maximum electric (E) field value at 8 different chamber locations for 
three different cartesian orientations of the field (x, y and z). 
2. Use logarithmic spaced frequency points. 
3. Number of measurement samples (stirrer steps) proposed = 12 (minimum). 
4. Calculate the chamber performance by assessing the standard deviation in the 
maximum electric field values - for each x, y and z orientation and when all the 
orientations are combined. 
This procedure is not going to be followed in this study for the following reasons. 
1. The electric field values may or may not be accurate if an antenna is employed as the 
receiver as opposed to a specific electric field probe. This is because a large metallic 
antenna would be expected to disturb the local electric field in where it was situated, 
creating uncertainties in the maximum magnitudes of the measured E field. 
 
2. For antenna measurements, unlike some EMC measurements, we do not use just 
maximum values; we use all values in which to form an average - why then 
characterise the chamber performance using just maximum values? 
 
3. Throughout this thesis it has been seen that very accurate measurement results have 
been obtained using over 700 measurement samples per antenna with a variety of 
stirring mechanisms. The 12 sample minimum not taking into account multiple 
stirring mechanisms is simply not an accurate enough reflection on the chambers‟ 
true performance. 
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Assessing current literature, it can be seen that other researchers [4, 11-14]  are now 
choosing not to implicitly follow the standards doctrine and / or have expressed doubts 
concerning their overall applicability. The standards approach therefore could be considered 
to be an approximation as to the true chamber performance for antenna measurements, and in 
this study greater certainty is sought.    
Therefore, the procedures to characterise the chamber performance will be changed. The 
assessment of using a standard deviation from different measurement locations in the 
chamber will be retained, but crucially the standard deviation will be calculated as the 
deviation in the average power transfer function at different measurement locations in the 
chamber - using all measured samples, instead of just the (minimum of) 12 maximum 
electric field values [11]. 
Furthermore, looking at the accepted theory from chapter 2 and the uncertainty models used 
for antenna measurements (Eqs. 3.3 and 3.4 on page 108), the following three parameters 
will also be assessed: 
1. The non line of sight number of independent samples as a function of frequency. 
2. The measured polarisation imbalance that exists as a function of frequency. 
3. The proportion of direct power (Rician K Factor) as a function of frequency. 
The standard deviation and points (1) - (3) above form all of the accepted components that 
can contribute to the uncertainty in antenna measurements. By this, these procedures should 
provide more of a reliable and accurate indicator of chamber performance than the BS EN 
61000-4-21 standards decree.  
 
5.5 Measurement Parameters for Validation  
Table XIV details the parameters for the practical investigation. With respect to the 
parameters detailed, the six receiver locations has been selected as a trade-off between the 
measurement accuracy and the overall measurement time needed to complete each measured 
sequence. Also, since each receiver location should be separated by at approximately  /2 so 
that each location is independent (uncorrelated); at lower frequency this meant that any 
additional receiver locations could not be included as they would be too closely spaced.  
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The number of measurement samples has been chosen simply to give a similar number to 
what has been performed in prior investigations in this thesis, such that a separate method 
here can compare to the theoretical uncertainty model to further validate the accuracy of the 
chamber and all procedures. 
Table XIV: Parameters for the practical investigation 
Parameter Description 
Frequency (MHz) 100 - 1000 
Number of frequency data points 801 
Number of independent receiver locations 6 
Stirring sequences 3 degree mechanical stirring 
Polarisation stirring 
18 MHz frequency stirring 
Receive antenna orientations 3 (x, y and z orientation) 
Total number of measured samples per 
receiver location (for all orientations) 
714 
Miscellaneous Source power = -7 dBm 
RX antenna = Log Periodic (HL 223) 
TX antenna = Homemade Vivaldi 
Chamber loading (when used) = 4 pieces of 
anechoic absorber, 2 each in the back 2 
corners of chamber 
Full 2 port calibration performed 
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5.6 Measurement Results  
This section will be sub-divided into two separate sections to assess the unloaded and loaded 
chamber performance separately. In each section a direct comparison will be made from 
standard stirrer paddles (no cuts at all) to the new stirrer designs to assess any improvement 
in practical performance. 
The new stirrer designs from the numerical model have simply been scaled up in size to 
match the dimensions of the original stirrer paddles in the chamber - no changes whatsoever 
in the overall dimensions has been made between the respective stirrer sets so that the effect 
of the meanderline cuts alone can be conclusively charted. 
Please note that for the concept validation, only the vertically mounted stirrer paddles have 
been subject to modification. The paddles designed for horizontally polarised waves have 
remained as solid plates with no modifications whatsoever.   
For the vertically mounted paddles, six separate paddles exist each with different height 
dimensions. For completeness these are listed in Table XV. 
Table XV: Paddle dimensions 
Parameter Description 
Paddle set 1 (height x width in metres) 0.71 x 1 
Paddle set 2 (height x width in metres) 0.85 x 1 
Paddle set 3 (height x width in metres) 0.9 x 1 
Paddle set 4 (height x width in metres) 0.67 x 1 
Paddle set 5 (height x width in metres) 0.77 x 1 
Paddle set 6 (height x width in metres) 0.62 x 1 
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5.6.1    Standard Vs New Designs: Unloaded Chamber 
With respect to Table XIV, the first measurement assessment concerns the standard 
deviations. As previously stated, this is the standard deviation in the average power transfer 
function from six different receiver locations in the chamber. 
The specific receiver locations (constant throughout) are detailed as follows: 
1. Pos 1 = 1.15 m from left wall, 1.1 m back from stirrers 
2. Pos 2 = 1.15 m from right wall, 1.1 m back from stirrers 
3. Pos 3 = 1.15 m from left wall, 1 m back from Pos1 
4. Pos 4 = 1.15 m from right wall, 1 m back from Pos2 
5. Pos 5 = 1.15 m from left wall, 1.1 m from back wall 
6. Pos 6 = 1.15 m from right wall, 1.1 m from back wall  
Fig. 5.21 shows the typical set-up in the measurements, depicting the new stirrer designs and 
the receive antenna in position1, orientated in the x direction. 
 
Fig. 5.21: Standard deviation measurement set-up 
The average power transfer function (P) was deduced from (Eq. 5.2) for each receive 
antenna orientation (j) and at each specific location (i) using 3 degree mechanical stirring 
and polarisation stirring. Thus: 
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where: i = 1, 2, 3, 4, 5, 6 and j = 1, 2, 3. Hence, at the end of the measurement sequences, 18 
separate average power transfer function measurements existed per frequency point. An 
average was then formed, comprising all N = 18 measurements: 
 jiAV P
N
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                                                   (5.3) 
where this average should represent a good estimation of the true expected value [11]. 
The standard deviation   was then calculated using (5.4). 
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In this case N = 18 instead of N-1 has been applied because the entire dataset population 
(population standard deviation) has been used in the calculations [15] - i.e. every single 
measurement value as opposed to just the selected maximums (sample standard deviation) in 
[10]. Finally, the standard deviation in dB scale is expressed relative to the mean and 
deduced using (5.5). 
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Fig. 5.22 details the measured standard deviation comparison between the standard paddles 
(no cuts) and the new modified paddles as a function of frequency in the unloaded chamber. 
It can be seen that up to approximately 380 MHz the new stirrer design outperforms the 
conventional (solid plate) paddle design. In the 100 MHz to 200 MHz range, the 
improvement in performance is seen to be in the order of 0.5 dB, which beyond 200 MHz 
decreases to around 0.15 dB. 
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Fig. 5.22: Standard deviation comparison in unloaded chamber 
Towards higher frequencies the performance of both paddle sets is seen to be comparable, 
proving that up to 1000 MHz, the cuts on the new paddle do not seem to have affected the 
high frequency performance of the chamber.  
Furthermore, given the measurement results from Fig. 5.22, the agreement in terms of the 
measured standard deviation performance and that calculated by the theoretical uncertainty 
formula for antenna measurements (from Chapters 3 and 4) is seen to be very good. This 
serves to prove two points: 
1. The theoretical uncertainty formula is useful and accurate. 
2. The measurement rationale, measurement procedures and all subsequent processing 
in this chapter would appear to be valid and correct upon inspection. 
The results seen so far would appear to practically validate the theoretical concept; however 
three more performance indicators need to be compared in order to derive more confidence 
in the performance merits of the new designs.    
The polarisation imbalance can be detailed as follows after consultation with [11]. 
Considering just the x orientated measurements, a power transfer function can be established 
from the mechanical stirring and polarisation stirring schemes to yield (5.6). 
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where: i = 1, 2, 3…. 6. 
An average level can then be formed from the x orientations according to (5.7). 
 xixAV PP ,_
6
1
                                                          (5.7) 
Similarly, for the y and z orientations, similar averages can be formed as (5.8) and (5.9) by 
using y and z orientated measurement data in the form of (5.6). 
 yiyAV PP ,_
6
1
                                                       (5.8) 
 zizAV PP ,_
6
1
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A total polarisation reference level can then be defined as [11]: 
 zyxAVREFPOL PP ,,__
3
1
                                             (5.10) 
The polarisation imbalance for the x, y and z orientations can then be expressed as (5.11). 
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Fig. 5.23 and 5.24 depict the measured polarisation imbalance in dB scale as a function of 
frequency between the standard paddles and the new paddle design. 
A polarisation imbalance is stated to result from both unstirred direct power and a modal 
excitation error in the chamber [11]. The latter is stated to appear as a result of the chamber 
and the mechanical stirrers being too regularly shaped, causing the TE and TM modes not to 
mix when stirred [11]. Hence, it is important to minimise this effect such that the amount 
received power in the chamber does not depend upon an antennas orientation. 
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Fig. 5.23: Polarisation Imbalance (dB) for standard paddles 
 
Fig. 5.24: Polarisation Imbalance (dB) for new designs 
Comparing Figs. 5.23 and 5.24 it can be seen that there is an improvement in performance 
from the new designs in the 100 MHz - 200 MHz range. In the z orientation there is a 4dB 
improvement witnessed in some cases, and 1 - 1.5dB improvements are witnessed for the x 
and y orientations. In the lower frequency regions (< 200 MHz), a relatively high imbalance 
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was expected due to the sparseness in the overall number of modes available. However, it 
can be seen that due to the extreme irregular nature of the cuts that are configured to be 
resonant in this lower frequency region, in particular in the two principle planes, has served 
to minimise the polarisation discrepancy. At higher frequencies it can be seen that both 
standard and new designs perform perfectly - no imbalance is present. 
The strange peak that is evident within the new designs at 400 MHz is believed to be due to 
an anomaly in the resonant performance of the cuts from the new paddle sets at this 
frequency - it is also present where the standard deviations are concerned (Fig. 5.22). 
Recommendations in the conclusion (section 5.7) are provided as a means of rectifying this, 
although in general the concept should be further investigated to mitigate this effect.  
The Rician K factor performance of the standard and new designs is detailed next in Fig. 
5.25. Please refer back to Chapter 2 page 49 for the derivation of this quantity. 
Please note that a separate measurement sequence has been undertaken for the deduction of 
this and the following quantity. In this, 1 degree mechanical stirring, polarisation stirring and 
1 x receiver location has been applied. The antenna has also been orientated in the z 
direction. All other parameters in Table XIV apply. 
 
Fig. 5.25: Rician K Factor comparison in unloaded chamber 
From Fig. 5.25 it can be seen that generally, there is a lower proportion of direct power being 
registered at the receiver. Particularly, at lower measured frequencies, there is a marked 
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difference. This is believed attributed to the added resonant capability of the new stirrer 
designs, in the fact that there are specific length cuts on the paddle that promote this resonant 
behaviour. Further evidence to support this statement can be found in Appendix A3 where 
the current distributions on the stirrer paddles are analysed.     
For the non-line of sight number of independent samples, the full procedure is detailed in 
Appendix A1. To avoid repetition, it will not be repeated here. Using the 1 degree 
mechanical stirred, polarisation stirred and 1 x receiver location acquired data; Fig. 5.26 
details the comparison between the standard and new designs, for each measured 
transmitting polarisation. 
 
Fig. 5.26: Number of Independent samples comparison in unloaded chamber 
From Fig. 5.26 it can be seen that in the 100 MHz - 200 MHz range there is an improvement 
in the overall number of samples that can be considered independent (sufficiently 
uncorrelated) with the new designs. This improvement is seen to be registered for both 
transmitting polarisations which would suggest that the cuts on the paddle in orthogonal 
planes have had a positive effect in stirring both polarised waves.  
Beyond 200 MHz, in a region where the original paddle dimensions can generally be 
considered to be electrically large, performance is seen to be more or less comparable, 
although in areas the new designs appear to be better performing.  
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To conclude this sub-section, four different performance benchmarks have been applied to 
assess the performance merits of the new designs as compared to a standard design of 
paddle. The four separate benchmarks have all confirmed improved performance for the new 
designs in the lower modal region which serves to provide confidence that the design 
strategy does indeed work and does improve the chamber performance. For antenna 
measurements down at this lower modal region, quantities could be acquired with less 
uncertainty; and where the standard deviations are concerned, using less measurement 
samples (and less time) to yield the same overall performance levels. 
The final sub-section of this thesis repeats all the aforementioned results but in a loaded 
chamber. The purpose of assessing this is because during some measurements (for example, 
large array antennas with the chamber loaded with power dividers, stands, boxes etc), the 
chamber can be presented with significant loading. The chamber should always be 
characterised in both scenarios to provide a complete picture of its true performance. 
 
5.6.2    Standard Vs New Designs: Loaded Chamber 
In this section all the aforementioned measurement parameters and details still apply. The 
only factor that has changed is that the chamber is loaded with 4 large pieces of anechoic 
absorber, two each in the back two corners of the chamber to simulate the „loading‟. 
The standard deviation comparison in the loaded scenario is detailed in Fig. 5.27. 
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Fig. 5.27: Standard deviation comparison in loaded chamber 
From Fig. 5.27 it is immediately apparent the effect that the loading has had on chamber 
performance; the standard deviations in this case are typically 0.25 dB higher. Towards 
higher frequencies this difference becomes slightly lower - typically in the order of 0.15 dB. 
The subsequent reason for the increase in the standard deviation with the loading is because 
the pieces of anechoic absorber can serve to dampen given resonant modes depending on 
where in the chamber that loading is situated [9]. If a given resonant mode is damped, this 
will have a consequence on the nature of the field distribution in the chamber as some of the 
electric field peaks can be suppressed. At given stirrer increments therefore, this can cause 
the field value not to vary significantly which in turn can result in a larger deviation inherent 
from different receiver antenna locations as seen.   
In this loaded scenario it can be seen that the new paddle still outperforms the standard 
design. At higher frequencies this time the standard deviation for the new paddles shows 
better performance than the standard design which is believed to be due to the nature of the 
resonant cuts in two principle planes that has managed to stir both the TE and TM modes 
more efficiently about the larger average mode bandwidth.   
The polarisation imbalance can be displayed as in Figs. 5.28 and 5.29. On the whole, when 
comparing Figs. 5.28 and 5.29, it can be seen that the new stirrer designs again outperform 
the standard design. From Fig. 5.28 it can be seen that a polarisation imbalance for the 
standard design in the z orientation is prevalent all the way out to 1000 MHz - this coincides 
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with the larger standard deviations inherent from Fig. 5.27. This is again believed to be due 
to the nature of the resonant cuts in two principle planes that has managed to stir both the TE 
and TM modes more efficiently about the larger average mode bandwidth. 
 
Fig. 5.28: Polarisation Imbalance (dB) for standard paddles 
 
Fig. 5.29: Polarisation Imbalance (dB) for new designs 
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The Rician K factors for both standard and new designs can be viewed in Fig. 5.30, from 
which it can be seen that firstly, the proportion of direct power has increased with the 
additional loading as compared to the unloaded scenario (Fig. 5.25). Irrespective, it can be 
seen that the new stirrer designs again yield better performance on the whole than a standard 
design of paddle.  
 
 
Fig. 5.30: Rician K Factor comparison in loaded chamber 
The non line of sight number of independent samples can be viewed next in Fig. 5.31. 
From Fig. 5.31 it can be seen that at lower frequencies an increase in the number of 
independent samples is evident, similar to the unloaded investigation. Overall, it can be seen 
that the total number of samples that are considered to be independent is lower than for the 
unloaded case, proving that the mechanical stirring process finds it more difficult to 
significantly alter the field distribution about an enlarged average mode bandwidth. 
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Fig. 5.31: Number of Independent samples comparison in loaded chamber 
 
5.7 Conclusion  
In this chapter, a new design of mechanical stirring paddle has been theoretically and 
numerically developed. Practically, a rigorous assessment has been undertaken to compare 
the merits of the new design against a standard design of paddle common to most 
reverberation chambers.  
The theoretical idea behind the design has advocated a series of cuts on the paddle structure 
with a view to lower the resonant capability of the paddle structure by increasing the current 
path length. In addition, many of these cuts were tried and tested, each with varying lengths 
in an attempt to enact a broadband enhanced performance. An alternative numerical 
approach was adopted that yielded an improved design in an efficient manner. 
Practical results showed that the theoretical idea worked and performance was improved. 
The performance aspect was validated by four separate performance indicators whose 
assessment all came back in favour of the new designs. On the whole, critics could argue that 
the increase in performance merits in some cases were small; however, it is worth 
remembering that only one of the principle paddle sets have been subject to modification - 
the other set stayed as a conventional design. Nevertheless, by this concept validation, there 
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is evidence enough to promote the idea and also to suggest that if the other principle paddle 
set was modified, further enhanced results could possibly be obtained. 
This point brings us to the first recommendation: 
Given the nature of the cuts on the modified paddle, if they were to entirely remain, then the 
structural rigidity of the paddles should be increased as the paddles had a tendency to flex 
after movement. 
The rigidity could be improved by increasing the plate thickness. However, increasing the 
plate thickness too much would increase the overall weight which in turn will increase the 
stress on the motors driving the paddles. It could be possible therefore to limit the number of 
cuts on each paddle by performing the modification on the other principle paddle set. The 
reason why this was not performed was that given the horizontal paddle construction, a crane 
would have been needed to lift the paddles down and the chamber would have been out of 
commission for a long period of time - the working time frame did not simply allow for this, 
hence the nature of the design strategy. 
The second recommendation brings us to the overall shape of cuts. The manufacturing 
procedure from the start was envisaged around manual metalwork in the workshop. This 
selection was made in order to keep costs very low and also because the manufacturing work 
could be completed immediately. 
With the availability of CNC (Computer Numerical Control) milling machines that can be 
efficiently programmed, the opportunity to create more complex design shapes is possible 
that manual metal work by hand would struggle to accurately replicate.    
With regards to the chamber performance validation in practice, it is clear to see that the 
procedure adopted provides more of an accurate and robust representation of a chambers‟ 
true performance, as multiple performance parameters are compared to benchmark the 
chamber as opposed to one procedure providing a rough estimate at best. For the EMC 
community who might not be familiar with the validation procedure adopted in this work, 
the conventional (standards) chamber validation procedure is presented in Appendix A4. The 
results issued in this appendix are for illustration purposes only - they have not been used as 
determining factors with regards to chamber performance in this study, nor is any reliance or 
significance placed on the results.  
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At this time, the consensus in thinking is that the new procedures should one day replace (or 
at the very least add to) the chamber validation protocol in the BS EN 61000-4-21 standards. 
This decision however will ultimately be down to the community to decide.    
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Chapter 6: Future Work & Contributions 
6.1    Thesis Summary 
To briefly summarise the contents of this thesis, it has been further reinforced that the 
reverberation chamber is an extremely powerful tool in which to conduct antenna 
measurements. The underpinning theory that governs the facility (from chapter two) has 
shown that transmission measurements conducted in the facility (if performed correctly), are 
statistically similar to real life multipath propagation environments (Rayleigh distributed). 
This condition can serve to prove the suitability of the facility as a multipath emulator. 
Further, it has also been discussed that providing enough modes are excited, the angle of 
arrival of plane waves comes from every conceivable direction over a unit sphere with an 
equal probability. This can provide a simplification in the characterisation of antennas as 
then their performance is not sensitive to their orientation. For this condition to occur 
however, the proportion of direct power reaching the receiver has to be crucially minimised. 
Chapter three has shown that the measurement of single port antennas can be performed 
accurately; whether that is under free space equivalent conditions or in conjunction with real 
human beings used to assess the textile antennas‟ installed performance. This statement has 
been verified by confirming very low measurement uncertainties under both operational 
conditions. New knowledge has been confirmed in this chapter in that for a small sized 
textile antenna with a small ground plane, the installed (on-body) performance is very 
sensitive to the conductivity and textile material thickness. In this, a lossier textile antenna 
measured under free space equivalent conditions was shown to grossly outperform a higher 
free space efficient textile antenna when placed on-body, in terms of both the efficiency and 
frequency de-tuning performance. This new information was confirmed for different on-
body locations and different proximity distances from the human test subjects.  
When this new information was applied to larger ground plane sized textile antennas, the 
higher efficient antenna in free space retained its higher level of efficiency on-body. 
Therefore, further new knowledge can be disseminated in that in addition to the textile 
material conductivity and thickness, the ground plane size of the device is also of crucial 
importance. 
Chapter four charted a distinction between multiport antennas designed for MIMO 
applications, and more conventional antenna arrays that are not.  The reason for this 
distinction is that from a measurement perspective, the treatment of either case has to differ 
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in order to realistically characterise the device performance. For the MIMO case, two new 
single element dual feed planar inverted F antennas were presented. Full measurement 
procedures were disclosed which supplemented the practical evidence disclosing the 
antennas excellent performance. Both antennas were confirmed to exhibit high amounts of 
diversity gain (close to the theoretical two port maximum), very low correlation between 
their two closely spaced feeds, high levels of channel capacity and high levels of total 
embedded element efficiency about the centre frequency of operation. These results asserted 
the claim that the antennas are strong candidates to potentially be employed in an Industrial 
role. 
For the conventional antenna arrays, a new equation was developed that allowed for a 
simplification in the treatment of the antenna efficiency when measured using a 
reverberation chamber. A procedure was detailed that allowed for a realistic characterisation 
of these antenna types, yet remained simple and accurate to perform. The techniques 
disclosed have to potential to offer a fresh alternative to how the efficiency measurements of 
conventional antenna arrays are performed. 
Chapter five disclosed new designs for the mechanical stirring paddles for use in 
reverberation chambers. It was shown that a concept of meanderline cuts on the paddle 
structure can enhance the resonant capability of the paddles enabling them to better perform 
at lower modal densities where conventional paddle designs do not perform so well. It was 
shown that the technique is straightforward and cost effective to apply and offered numerous 
performance enhancements. This statement was confirmed against the backdrop of a more 
robust / potentially less uncertain chamber calibration procedure, which, at the time of 
writing, is believed to have the potential to replace or at the very least add to the procedures 
contained within the BS EN 61000-4-21 standards.   
       
6.2    Future Work 
Based upon the conclusions drawn from above and from each consecutive chapter, and 
taking into account the limitations of the work presented, future work can be carried out in 
the following areas. 
From Chapter 3, the scope can be extended to include different designs of on-body textile 
antennas. In particular it would be useful to have multiple feed textile antennas in the on-
body scenario such that the antennas could be configured to radiate on/off body depending 
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on the communication scenario, and fading losses in on-body propagation scenarios could 
also be treated. 
In terms of the efficiency measurements in the RC, a very recent communiqué [1] discussed 
new techniques for measuring the unknown efficiency of antennas without the use of a 
reference antenna. Three techniques were disclosed: a one antenna method using an S11 
based approach, a two antenna method using the transmission characteristics (S21), and a 
three antenna method also using the transmission characteristics. 
In each scenario, the chamber path loss was determined from the Q factor. In the one antenna 
method, approximations were made on the field uniformity that may or may not be evident 
in different chambers. The two antenna method relied upon having the same transmit and 
receive antennas. The three antenna method makes no assumptions and does not require the 
antennas to be the same. 
The three antenna method is useful for when no reference antenna is available; however, 
when reference antennas are available, two more measurements are required using this 
approach (three antenna method) that obviously takes a longer time. If the one or two 
antenna method could be validated and honed to work in different RC‟s without the use of 
the same antennas this would be advantageous. Furthermore, the power loss deduction from 
Q factor in [1] assumes that the wall losses are dominant. A technique to relax this constraint 
may have to be created if this is not the case (for example, when measuring quantities on 
human beings inside an RC or large arrays with supporting material). 
From Chapter 4, the dual feed PIFA‟s could be scaled down in height further. A 5 mm height 
co-polarised design has been developed and measured (not included in this thesis) that 
showed similar diversity gain levels to the 10 mm height. This height would possibly need to 
be further scaled down to fit with the ultra-slim portable devices that are on the market. 
Further, from the measurement procedures for the MIMO characterisation, the deduction of 
diversity gain and channel capacity without a reference antenna measured power level would 
also be advantageous. This could be possibly formed by deducing the chamber attenuation 
from the Q factor approach in [1] and re-deriving the procedure for the measured channel 
samples with respect to this. 
For the array antennas, the efficiency deduction without the reference would again be 
beneficial. Further, for these designs given the nature of their application, an accurate 
procedure to measure the noise temperature of the array in the RC would be of great benefit. 
    F u t u r e  W o r k  &  C o n t r i b u t i o n s            P a g e  | 197 
 
Current outdoor techniques suffer from interference - a problem the RC would not have as it 
is shielded from the outside environment. 
From Chapter 5, the technique of the cuts was validated and did provide better performance. 
However, as a concept validation, only one principle paddle was modified. Further work to 
modify both sets would be expected to yield even better performance. In addition, by such a 
modification, fewer cuts could be made on the single paddle structure which would improve 
its rigidity.  
In terms of the RC optimisation, much work still exists. Work on triangular shaped chambers 
has been performed; however, no information on the optimum cavity shape exists. Once that 
optimum design was found, the optimum paddle design in that facility also needs to be 
configured. From the modified paddle sets in this thesis, given no limitations in 
manufacturing, Koch fractal styles of cut or a hybrid mix of different cuts could perform 
even better - this should be explored.         
 
6.3    Key Contributions 
In this thesis, three main investigation areas exist. The key contributions to new knowledge 
are detailed as follows: 
Chapter 3: Textile Antennas  
New knowledge has been obtained that concern the performance textile antennas with small 
ground planes. In this, a lossier free space textile antenna can outperform a higher efficient 
free space textile antenna when placed on-body. The reasons for this is that a thinner, higher 
conductivity textile material will give rise to higher fields inside the human body and thus 
more power will be lost. In addition, the on-body efficiency performance is proved to be 
crucially linked to the ground plane dimensions - the prior effect is not witnessed when the 
ground plane dimensions are increased, hence new knowledge is apparent here where the 
design of on-body textile antennas are concerned.  
New knowledge concerning the performance effects at different human body locations is 
also discussed as well as the severe effects of bending. New statistical knowledge is 
disclosed concerning on-body measurements using real human beings as opposed to 
phantoms, which provides greater confidence in a given sets of results as it is proved that 
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subtle movements in on-body RC measurements do not affect the measurement repeatability 
or accuracy, and also that the performance is representative to different human beings. 
Chapter 4: MIMO Antennas  
The complete practical MIMO characterisation of two new single element dual feed planar 
inverted F antennas for Bluetooth/WLAN applications has been detailed. Full measurement 
procedures are also discussed that detail how to acquire each quantity with accuracy. The 
new antennas have been shown to provide excellent performance despite their small size, in 
many occasions reaching near theoretically maximum levels. This study and the disclosed 
results serve to potentially validate the use of the new designs in an industrial capacity. 
Chapter 4: (Conventional) Antenna Arrays  
 A new equation and technique has been developed to simplify the measurements of all 
excited antenna arrays in the reverberation chamber. This technique is shown to be simple 
and accurate and provides a strategy that will enable the characterisation of antenna arrays in 
an RC to be performed more conveniently and more realistic to their true operational 
scenario. The potential also exists within this technique for the de-embedding of other 
components (such as baluns) in RC measurements. 
Chapter 5: Mechanical Stirring Paddles  
A new design of mechanical stirring paddle has been methodically developed and thoroughly 
tested in practice. The new designs are seen to improve chamber down at lower modal 
densities where all chambers will have poor performance. This technique has the potential to 
improve any given reverberation chamber and takes a step further towards the ultimate goal 
of chamber optimisation. The technique developed is universal in nature meaning that it 
should work in chambers of any size. The paddles are validated against the backdrop of a 
more robust chamber characterisation procedure, which has the potential to change the 
thinking of how a chambers‟ performance is measured (from a standards perspective).  
 
6.4    References 
[1] C. L. Holloway, H. A. Shah, R. J. Pirkl, W. F. Young, D. A. Hill, and J. Ladbury, 
"Reverberation Chamber Techniques for Determining the Radiation and Total 
Efficiency of Antennas," Antennas and Propagation, IEEE Transactions on, vol. 60, 
pp. 1758-1770, 2012. 
    A p p e n d i x  A 1                    P a g e  | 199 
 
Appendix A1: Deduction of Non Line of Sight Number of 
Independent Samples 
The purpose of this appendix section is to detail the complete procedure as to how the non 
line of sight number of independent samples can be calculated in RC measurements. This 
technique is applied when deducing this quantity for use in the theoretical uncertainty 
formula and also to determine the stirrer efficiency. 
To calculate the non line of sight number of independent samples, the use of the 
autocorrelation function is considered. The term „autocorrelation‟ can be defined as the 
correlation of a signal with itself. 
If each sample is a linear power quantity, the offset delta    at which the autocorrelation has 
dropped to a given value can be found and the number of independent samples 
 INDN determined from: 

 MEASUREDIND
N
N                                                    (A1.1) 
where: MEASUREDN   is simply the total number of measurement samples. 
The procedure to determine delta is described as follows. Firstly, for one specific measured 
frequency value and assuming 718 measured samples, all the samples obtained from various 
stirrer increments for a full revolution should be obtained and collated in a one column 
vector. The column vector is permuted such that the last value in the original vector is placed 
as the first value in a newly created vector (i.e. vector two).  This permuting action continues 
such that the penultimate value in the original vector is placed first in a newly created third 
vector and so on. This permuting action continues until a 718 x 718 (assuming one degree 
mechanical stirring intervals and polarisation stirring) matrix exists; in essence all the values 
in the original matrix had been permuted to form new vectors in their own right. 
This permuting action is detailed as follows: 
243211
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14321
...........,,,,,
.....................,,,
,.........,..........,,,



NNN
NN
NN
xxxxxxx
xxxxxx
xxxxxx
 
And so on, until all samples have been permuted. 
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Once the permuting of the vectors has been completed, the quantity of delta needs to be 
found. The quantity delta is a function of the total number of measurement samples and 
should not necessarily be approximated by the 1/e = 0.37 criterion. This 0.37 criterion is only 
valid assuming 450 measured samples only [1]. To calculate delta, the theoretical probability 
density function form of the correlation coefficient   can be used, as covered in [1] and [2]. 
In (A1.2), p must be estimated accordingly. 
 
 
   
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
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(A1.2)                         
where: p = expected value of r,  is the gamma function, N is the total number of 
measurement samples and r can be found by [3]. 
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where: A = original (unpermuted) vector, B = each permuted vector in turn, m n stand for the 
row and column vectors and the bar terms above A and B signify the mean.  
The pdf function of equation (A1.2) as depicted in Fig. A1.1 will be evident. In this case, 
Fig. A1.1 has been plotted for 718 samples assuming a value of p = 0.4601. 
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Fig. A1.1: Pdf form of autocorrelation function 
The next step concerns the deduction of the probability of occurrence    and the 
formulation of the null hypothesis. Alpha is determined by integrating the pdf form of Fig. 
A1.1, to determine the probability of occurrence of (r) which is smaller than or equal to the 
critical value  Op . Thus: 



Op
drr
1
)(                                                     (A1.4) 
The theoretical pdf is integrated until alpha reaches a given confidence interval (usually 0.05 
(95% confidence) or 0.01 (99% confidence)). Once that value is reached, it will correspond 
to a given correlation value. This value must then be tested and either accepted or rejected 
according to the null hypothesis set out in [1]; thus: 
If r ≤ pO the hypothesis must be rejected. If this is the case, the probability that the sample 
originates from the assumed population is ≤   and p must be re-chosen [1]. Once an 
acceptable value has been found, it is applied as in Figs. A1.2 and A1.3 to determine delta 
and the number of independent samples found from equation (A1.1). For 718 samples, p has 
been determined as 0.4601 and this yields a critical value pO of 0.394 at alpha = 0.01.   
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Fig. A1.2: Autocorrelation as a function of number of permuted vectors 
Enlarging Fig. A1.3 about the point where the correlation will have dropped to the critical 
value of 0.394 (deduced for 718 measured samples), the value of delta can be found as 
shown in Fig. A1.3. 
 
Fig. A1.3: Autocorrelation as a function of ten permuted vectors 
 
Δ 
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Appendix A2: Multivariate Normality Test for SIMO 
Channels 
The purpose of this appendix section is to statistically test the measured SIMO channel 
samples to determine whether they can be reasonably assumed to come from a normal 
distribution or not. As previously stated back in Chapter 4, if the samples can be confirmed 
to be normally distributed, it would eliminate a potential source of uncertainty with regards 
to overestimating the levels of channel capacity, and further reliance can be placed on the 
measured/calculated values. 
Similar to the statistical recommendations in Chapter 2, the Lilliefors test has been applied, 
and this evidence is compared to scatter plots to re-enforce any conclusions drawn from this 
analysis. In the Lilliefors test, the null hypothesis has been configured to assess whether the 
measured SIMO channel samples can be expected to come from a normal distribution and 
the confidence interval selected in the test is 95%. The test effectively measures the 
maximum distance from the deduced empirical cdf from the measured data and compares to 
a theoretical normal distribution having the same mean and standard deviation.  
Fig A2.1 details the Lillietest results for the co-polarised PIFA (feed 1) and Fig. A2.2 charts 
the scatter plot data for feed 1 to re-enforce the evidence from the Lillietest. 
 
Fig. A2.1: Lillietest decision on normality for co-polarised PIFA feed 1 
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From Fig. A2.1 it can be seen that the Lillietest has accepted the hypothesis that the samples 
do come from a normal distribution at a 95% confidence interval. 
 
Fig. A2.2: Scatter plot for co-polarised PIFA feed 1 
From Fig. A2.2 it can be seen that the vast majority of samples are centred around the (0, 0) 
axis providing further evidence to re-enforce the Lillietest‟s decision. Figs. A2.3 and A2.4 
detail the evidence obtained for the co-polarised PIFA feed 2. 
 
Fig. A2.3: Lillietest decision on normality for co-polarised PIFA feed 2 
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Fig. A2.4: Scatter plot for co-polarised PIFA feed 2 
Again, evidence is returned that suggests with a degree of confidence that the measured 
samples for feed 2 are also normally distributed. 
Moving on, Figs. A2.5 and A2.6 detail the evidence obtained for the cross polarised PIFA 
feed 1. 
 
Fig. A2.5: Lillietest decision on normality for cross-polarised PIFA feed 1 
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Fig. A2.6: Scatter plot for cross-polarised PIFA feed 1 
Likewise, the evidence obtained for the cross polarised PIFA feed 2 is depicted in Figs. A2.7 
and A2.8. 
 
Fig. A2.7: Lillietest decision on normality for cross-polarised PIFA feed 2 
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Fig. A2.8: Scatter plot for cross-polarised PIFA feed 2 
From the evidence issued in this section it is possible to conclude with a reasonable degree 
of certainty that the measured channel samples for both PIFAs used in the diversity gain and 
channel capacity measurements are normally distributed. With regards to the channel 
capacity calculations, it also serves to provide confidence that the result is accurate and not 
liable to overestimation as a result of non-normality. 
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Appendix A3: Surface Current Nature 
The purpose of this appendix section is to depict the nature of the induced surface current 
with respect to the design of mechanical stirring paddles. In this, the section supplies the 
following evidence:  
1.   It will depict the specific size of the cuts interacting with a larger wavelength plane 
wave more effectively than standard designs. 
2.   It will clearly illustrate the concept of increasing the current path length and 
increasing the resonant capability - both crucial to the overall design strategy. 
3.   It clearly shows the manner as to how broadband performance is provided - i.e. 
different cuts on the paddle surface interact with different sized plane waves to 
allow for a more efficient operation. 
4.  Proof is provided that show points (1), (2) and (3) are achieved considering two 
orthogonal polarisations.  
Hence, evidence to further re-enforce why the design strategy of implementing cuts on the 
paddle surfaces works better at lower modal densities.  
The induced surface current has been calculated from a plane wave excitation. The excitation 
has been configured in two orthogonal polarisations from a direction normal to the plate 
surface. It is accepted that in operation in the RC, this incoming direction will come from 
many different angles as the paddles rotate; however, the purpose here is just simply to 
illustrate the nature of the design strategy and provide further direct evidence to support the 
technique.   
Please note that in order to keep this section concise, the maximum levels of induced current 
as a function of phase angle has been selected for each frequency, and the overall number of 
plots is restricted in scope. 
Figs. A3.1 (a) - (d) depicts the induced surface current behaviour for the standard paddles 
and new designs at 115 MHz for vertical and horizontal polarisations respectively. The black 
lines illustrated on the figure serve to depict the current path length. The paddles have been 
modelled in full size - i.e. the exact sizes that exist in the real physical chamber. 
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  (a)               (b) 
   
(c)               (d) 
Fig. A3.1: Induced surface current at 115 MHz: (a) Standard paddle vertical polarisation, (b) 
standard paddle horizontal polarisation, (c) new paddle vertical polarisation and (d) new paddle 
horizontal polarisation    
From Fig. A3.1 (a) - (d) it can be clearly seen how the cuts serve to increase the current path 
length. From the induced surface for the standard paddles it can be seen that at larger 
wavelengths, the bulk of the surface current is mainly concentrated around the outer edges of 
the paddles in both polarisations. This is because these lengths are the largest dimensions on 
the paddles and the surface current would appear to be seeking a dimension relative in size in 
order to interact with the paddles sufficiently.  
With the new designs, the overall magnitude of the surface current was a lot higher than for 
the standard paddles - this is believed to be due to the fact that the new paddle approached a 
condition of resonance more so than the standard designs. Secondly, the surface current can 
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be seen to be concentrated around the longer length cuts - i.e. these are providing the 
interaction mechanism between the larger wavelength plane wave and the paddle, which 
given the overall dimensions of the cuts, would serve to improve the efficiency of the 
paddles in both polarisations as seen in Chapter 5.  
The surface current distributions at 150 MHz can be viewed in Fig. A3.2 (a) to (d). 
 
(a)               (b) 
  
(c)               (d) 
Fig. A3.2: Induced surface current at 150 MHz: (a) Standard paddle vertical polarisation, (b) 
standard paddle horizontal polarisation, (c) new paddle vertical polarisation and (d) new paddle 
horizontal polarisation    
From Fig. A3.2, it can be seen that the current distribution for the standard paddles are 
largely the same; that is, minimal interaction is expected at 150 MHz similar to 115 MHz. 
However, when assessing the nature of the surface current for the new designs, in particular 
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for the horizontal polarisation, it is seen that the nature of this induced current is remarkably 
different. More areas on the paddle are seen to be in use; hence, the multiple cuts of different 
lengths are serving to provide a resonant capability such that the paddle can sufficiently 
interact with the plane wave at different wavelengths. This offers evidence in support of the 
theoretical design strategy from Chapter 5. 
Fig. A3.3 (a) to (d) illustrates the induced current behaviour at 200 MHz. 
  
(a)               (b) 
  
(c)               (d) 
Fig. A3.3: Induced surface current at 200 MHz: (a) Standard paddle vertical polarisation, (b) 
standard paddle horizontal polarisation, (c) new paddle vertical polarisation and (d) new paddle 
horizontal polarisation    
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The surface current at 400 MHz is shown in Fig. A3.4. 
  
(a)               (b) 
  
(c)               (d) 
Fig. A3.4: Induced surface current at 400 MHz: (a) Standard paddle vertical polarisation, (b) 
standard paddle horizontal polarisation, (c) new paddle vertical polarisation and (d) new paddle 
horizontal polarisation    
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Appendix A4: BS EN 61000-4-21 Standard Deviation 
Results 
As previously stated, this appendix section details the chamber performance advocated by 
the BS-EN 61000-4-21 standards. The results issued in this section are merely presented as 
an illustration for professionals who are familiar with EMC protocols and might not know 
how to infer / relate to the results presented in Chapter 5. No weight has been attached by 
this author to the following results with regards to proving the performance of the stirrer 
designs and no significance on the results is inferred whatsoever for the aforementioned 
reasons.      
Figs. A4.1 and A4.2 detail the standard deviation for the three (separate) cartesian field 
components and the combined (total) electric field as a function of frequency respectively for 
the standard stirrer paddles (no cuts) in a unloaded chamber. In each figure, the acceptable 
limits for field uniformity decreed by the BS-EN 61000-4-21 standards are depicted as a 
solid green line. The BS EN 61000-4-21 acceptable limits are that the standard deviation 
should be within 4 dB below 100 MHz, 4 dB at 100 MHz decreasing linearly to 3 dB at 400 
MHz, and within 3 dB above 400 MHz.  
 
Fig. A4.1: Standard deviation (dB) for 3 cartesian field components from standard stirrer 
design in unloaded chamber 
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Fig. A4.2: Standard deviation (dB) for total electric field from standard stirrer design in 
unloaded chamber 
From Figs. A4.1 and A4.2, acceptable uniformity is reached at a frequency of 177 MHz. 
Moving on to assess the standard paddle design (no cuts) in the loaded chamber, Figs. A4.3 
and A4.4 depict the standard deviation for the three (separate) cartesian field components 
and the combined electric field as a function of frequency respectively. 
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Fig. A4.3: Standard deviation (dB) for 3 cartesian field components from standard stirrer 
design in loaded chamber 
 
Fig. A4.4: Standard deviation (dB) for total electric field from standard stirrer design in loaded 
chamber 
From Figs. A4.3 and A4.4, acceptable uniformity is reached at a frequency of 170 MHz. 
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Figs. A4.5 and A4.6 depict the standard deviation performance of the new designs in the 
unloaded chamber. 
 
Fig. A4.5: Standard deviation (dB) for 3 cartesian field components from new stirrer design in 
unloaded chamber 
 
Fig. A4.6: Standard deviation (dB) for total electric field from new stirrer design in unloaded 
chamber 
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From Figs. A4.5 and A4.6, acceptable uniformity is reached at a frequency of 139 MHz. The 
performance of the new designs in the loaded chamber can be viewed in Figs. A4.7 and 
A4.8. 
 
Fig. A4.7: Standard deviation (dB) for 3 cartesian field components from new stirrer design in 
loaded chamber 
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Fig. A4.8: Standard deviation (dB) for total electric field from new stirrer design in loaded 
chamber 
From Figs. A4.7 and A4.8, acceptable uniformity is reached at a frequency of 136 MHz. 
 
 
 
 
 
 
 
